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ABSTRACT
Tourmaline-bearing breccia pipes are associated with late stage 
Tertiary porphyritic intrusive rocks in the Silver Star Plutonic Complex.
Whole-rock geochemical analysis of rocks from the complex show a 
silica vs. alumina/(K20 + Na20 + CaO) trend (Feiss, 1978) toward geochemi­
cal conditions favorable for porphyry copper-type mineralization. Copper 
present in diorite, quartz diorite, and quartz diorite porphyry rocks 
probably entered silicates, whereas copper formed porphyry copper-type 
mineralization in the more felsic granodiorite and granodiorite porphyry 
intrusions.
Optical, x-ray, and chemical analyses indicate two distinct popula­
tions of tourmaline present in the breccia pipes; an early "Hemlock Ridge- 
type" which preceded pyrite, and a later "Black Jack-type" which followed 
pyrite and preceded chalcopyrite. The Hemlock Ridge-type have refractive 
indices of e = 1.625 to 1.636 and w = 1.652 to 1.663, whereas the Black 
Jack-type have refractive indices of e = 1.643 to 1.652 and o) = 1.671 to 
1.675. The a^ unit cell dimension of the Hemlock Ridge-type are all less 
than 15.90 H, and the Black Jack-type are all greater than 15.90 8.
Chemically, the earlier Hemlock Ridge-type tourmaline contains 28.5 to 
32.3% AI2O2, 4.43 to 8.57% Fe202> and 10 to 20 ppm copper, whereas Black 
Jack tourmalines contain 22.7 to 26.4% A12025 11.7 to 16.4% Fe202, and 
16-76 ppm copper. Although the Black Jack tourmalines are related in time
and space to extensive chalcopyrite mineralization, crystal-field effects 
(Curtis, 1963) restrict copper's entry into the tourmaline structure more 
than iron. Therefore, copper is reflected indirectly by the high iron con­
tent of tourmaline.
1
Tourmaline analysis is a viable exploration tool for copper in the 
Silver Star area, and the concepts and methods applied herein are valid, 
and probably can be applied regionally.
ii
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INTRODUCTION
The Tertiary Silver Star Plutonic Complex of southwestern Washington 
hosts numerous tourmaline-bearing breccia pipes (Fig. 1) emplaced in a 
hypabyssal environment (Schriener, 1978). Extensive chalcopyrite minera­
lization makes the Black Jack breccia pipe a potential copper mine (A. 
Humphrey, personal communication, 1978), whereas many nearby breccia pipes 
are pyrite-bearing. The main purpose of this study is to investigate the 
physical properties and chemical composition of the gangue mineral, 
tourmaline, in order to determine if tourmaline associated with the 
chalcopyrite-bearing Black Jack breccia pipe can be distinguished from 
tourmaline associated with nearby pyrite-bearing breccia pipes.
Location
The Black Jack breccia pipe underlies (but does not out crop in) the 
Copper Creek Valley (see Appendix I), near the northern end of the Silver 
Star Plutonic Complex in Skamania County, Washington. It is located on 
the western flank of the Cascade Mountains, approximately 50 km (30 mi.) 
northeast of Vancouver, Washington, within the Gifford Pinchot National 
Forest. Currently, the property is being explored under a joint venture 
agreement between AMOCO Minerals Company and Denison Mines (U.S.) Inc.
Previous Geologic Investigations
The Silver Star area has been investigated in considerable detail 
due to the presence of extensive copper mineralization. Allen (1932) was 
the first to describe and name a granodiorite stock in the area, which he 
named the Silver Star Formation. Felts (1939) mapped the stock and des­
cribed the petrology of the Silver Star intrusive and related volcanics. 
Magi 11 and Appling (1957) investigated the Miners Queen prospect for the
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U. S. Bureau of Mines. Gower and Livingston (1958) contributed recon­
naissance work for the Washington State geologic map (Huntting et a1., 
1961). In an ore microscopy study, Heath (1966) investigated mineraliza­
tion in a number of prospects in the Washougal Mining District. Grant 
(1969, 1976) summarized the district literature in two reports on mineral 
deposits in the Cascades of Washington. Hammond (1974) and Hammond ^ al. 
(1975, 1977) provided reconnaissance geologic mapping and regional corre­
lations of volcanic units. Moen (1977) reviewed the literature on the 
Washougal Mining District. Schriener (1978) and Sheppard (1979), in 
Master's theses, mapped in detail the northern portion of the Washougal 
Mining District. Schriener (1978), whose study area was the northernmost 
portion of the district, reported on the volcanic stratigraphy, identified 
six intrusive phases and twelve hydrothermal breccia pipes and inferred 
the presence of nine additional others based on float. Collectively, he 
named these intrusives, "The Silver Star Plutonic Complex". Petrographic 
and geochemical analyses of the various intrusive phases, regional struc­
tures, and hydrothermal alteration were discussed. However, geochemical 
data were limited, being restricted to surface outcrops. Schriener (1978) 
also provided an up to date literature summary of the northern portion of 
the Washougal Mining District.
AMOCO Minerals Company and Denison Mines (U.S.) Incorporated continue 
to map, drill, and gather petrographic and geochemical data at, and near, 
the Black Jack and Miners Queen prospects. This data exist as in-house 
reports, and has not been published.
Geologic Setting
Schriener (1978), mapped and described the epizonal Silver Star Plu-
4
The following is a brief summary of the geology based largely on Schriener's 
(1978) work.
Volcanic Rocks
The Skamania Andesite Series of Felts (1939), and the Skamania Vol­
canic Series of Trimble (1963), are equivalent to the lower subgroups of 
the Western Cascade Group of Hammond ^ a1_. (1977). They have been divi­
ded into upper and lower members (Felts, 1939; Trimble, 1963). Schriener 
(1978) informally named the older member the "East Fork Formation", and 
the younger the "Skamania Formation". Both are intruded by six intrusive 
phases which Schriener named the "Silver Star Plutonic Complex". The 
terminology of Schriener (1978) is used throughout this investigation.
The "East Fork Formation" consists predominantly of a thick sequence 
of propylitically altered volcanidastic breccias, tuff breccias, lapilli 
tuffs, water-laid volcaniclastic tuffs, and volcanic mudstones and silt- 
stones with subordinate basalt flows, all of which are intruded by mafic 
dikes. The "East Fork Formation" is interpreted to be a sequence of 
subaqueously deposited volcaniclastics derived from the flanks of a nearby 
and periodically emergent volcanic center (which may have been offshore or 
interbasinal) and may be correlated with the Goble Volcanics and the Cowlitz 
Formation. An age of late Eocene to Early Oligocene is suggested on the 
basis of lithologic and stratigraphic similarities to the Goble Volcanics
tonic Complex and surrounding country rocks of the northern portion of
the Washougal Mining District. His study covers the area of the present
investigation, and is by far the most comprehensive published information
on this area. His geologic map of the Silver Star Plutonic Complex is
shown in Appendix I, and is a useful reference map for the current study.
5
and the Ohanapecosh Formation.
The source is believed to be a local subaerial basaltic-andesite volcanic 
center. The "Skamania Formation" is a possible correlative of the Ohana­
pecosh Formation, and thus may be Oligocene.
Silver Star Plutonic Complex
The Silver Star Plutonic Complex is a composite epizonal pluton which 
intruded the "East Fork" and "Skamania" Formations. The complex has a 
north-northeast trending elongate shape. "A close correlation between 
joint plane orientations mapped in the field and lineaments determined from 
aerial photographs suggests that pre-existing northeast and northwest 
regional structures not only controlled emplacement of the plutonic complex, 
but localized the mineralization as well" (Schriener, 1978). The order of 
emplacement of the intrusive phases is: chilled border phase, diorite,
quartz diorite, granodiorite, quartz diorite porphyry, and granodiorite 
porphyry.
The chilled border phase, a very minor part of the intrusion, forms 
the narrow margin of the Bolin Creek plug (see Appendix I) and is a fine 
grained rock that has a hypocrystal1ine porphyritic texture. The rock con­
tains phenocrysts of plagioclase feldspar (An 25-45), quartz, hornblende, 
and augite with interstitial quartz in an aphanitic groundmass. Plagioclase 
is replaced by minor amounts of sericite and zeolites(?), and mafic minerals
The "Skamania Formation" overlies the "East Fork Formation", and the
contact is inferred to be an unconformity. The "Skamania Formation" con­
sists of a sequence of stratified porphyritic basalt and basaltic andesite
flows with minor interbeds of lapilli tuff, pyroclastic tuff, tuff breccia,
and dacite flows. These rocks exhibit only minor propylitic alteration.
6
are variably replaced by chlorite, clay, and opaque Fe-Ti oxides.
The diorite phase forms less than 10 percent of the intrusive com­
plex, forms the predominant lithology of the cupolas and a portion of 
the Saturday Rock stock, and has hypidiomorphic-porphyritic and hypidio- 
morphic-granular textures. The rock contains phenocrysts of plagioclase 
feldspar (An 25-52), hornblende, and augite in a groundmass of quartz, 
plagioclase, opaques, and undifferentiated alteration minerals. Plagio­
clase phenocrysts have inclusions of pyroxene, opaques, and apatite and 
are slightly dusted with sericite, epidote, and zeolites. The pyroxenes 
are variably altered to chlorite, epidote, opaques, clay, and fibrous 
amphibole(?).
The quartz diorite phase forms approximately 30 percent of the intru­
sive complex, occurs in the northern portion of the Silver Star stock, is 
medium to coarse grained, and has a porphyritic to equigranular texture.
The rock contains phenocrysts of plagioclase feldspar (An 30-35), quartz, 
augite, and altered hypersthene(?), with interstitial quartz, orthoclase, 
plagioclase, and augite. The quartz phenocrysts have inclusions of pyroxene, 
opaques, and fluid inclusions, and the augite phenocrysts have inclusions 
of plagioclase, quartz, and opaque Fe-Ti oxides. Many of the plagioclase 
phenocrysts have been selectively replaced along fractures by sericite, 
epidote, and zeolites, and both pyroxenes have been ubiquitously altered 
to chlorite, clay, fibrous amphibole, and epidote.
The granodiorite phase forms over 50 percent of the Silver Star Plutonic 
Complex, and has a porphyritic to equigranular texture; however, texture, 
color, and mineralogy vary considerably throughout the intrusion. The rock 
exhibits granophyric and myrmekitic intergrowths and some plagioclase is 
rimmed with orthoclase. Phenocryst minerals are primarily plagioclase
7
Mafics are variably altered to chlorite, fibrous amphibole(?), and Fe-Ti 
oxides.
The quartz diorite porphyry phase forms a minor part of the intrusive 
complex, occurs as small dikes and plugs within the granodiorite phase, 
displays a hypidiomorphic inequigranular texture with a pronounced trachytic 
to pilotaxitic groundmass, and texturally resembles porphyritic andesite.
The rock contains phenocrysts of subrounded and resorbed quartz, plagio- 
clase feldspar (An 25-47), and hornblende, and interstitial quartz. The 
hornblende is variably replaced by opaques, chlorite, and fibrous amphi- 
bole. This phase of the intrusive is commonly associated with tourmaline­
bearing breccia pipes.
The granodiorite porphyry phase intrudes the granodiorite phase as 
small dikes and plugs, and has a hiatial porphyritic texture and a variable 
grey color. The phenocryst minerals are plagioclase feldspar (An 30-35), 
hornblende, and biotite. Quartz and orthoclase are found primarily as 
interstitial minerals and form a mosiac texture in the groundmass. Ferro- 
magnesian minerals are ubiquitously replaced by chlorite, biotite, Fe-Ti 
oxides, and minor amounts of sulfides, "The emplacement of granodiorite 
porphyry was closely associated in time and space with the advent of both 
hydrothermal alteration and tourmaline breccias" (Schriener, 1978).
Small veins and dikes of granite aplite cut the granodiorite and 
granodiorite porphyry, but were not mapped by Schriener because of their
feldspar (An 15-44), and hornblende, but with minor amounts of biotite,
augite, and hypersthene. Augite and hypersthene predominate near the
margins of the stock, whereas biotite and hornblende predominate near the
center. Interstitial minerals are quartz and orthoclase, and the quartz
has inclusions of pyroxene, feldspar, opaques, and fluid inclusions.
8
The rock is composed of about 80 percent quartz, plus orthoclase, with 
minor muscovite, apatite, and opaque oxides and sulfides. The orthoclase 
is often perthitic.
Schriener (1978) concluded that the plutonic rocks from the northern 
portion of the Washougal Mining District represent a highly calcic calc- 
alkaline sequence of magmatism, and show late stage enrichment of both 
potash and silica that is typical of calc-alkaline assemblages of igenous 
rocks throughout the Cascades. A summary of the geochemistry and petro­
graphy of these rocks are shown in Table 1. The locations of rock samples 
discussed in this section are shown in Figure 2.
Hydrothermal Tourmaline-Bearing Breccia Pipes
Hydrothermal tourmaline-bearing breccia pipes are associated with 
porphyritic phases of the Silver Star Plutonic Complex (see Appendix I). 
Numerous tourmaline-bearing breccia pipes outcrop along the northeast 
trending Hemlock Ridge, and the tourmaline found in drill core samples 
taken from these breccia pipes exhibits a strong temporal and spatial 
association with the gangue mineral pyrite. Approximately one mile (1.6 
km) to the southwest of the top of Hemlock Ridge, in the Copper Creek 
Valley, the tourmaline-bearing Black Jack breccia pipe shows a close 
spatial and temporal association between chalcopyrite and tourmaline. 
Approximately 2000 ft. (0.6 km) to the west of the Black Jack breccia 
pipe lies the Upper Black Ledge breccia pipe that is tourmaline-bearing, 
and the tourmaline is associated with iron and copper oxides.
small size. The aplite dikes commonly have pegmatitic cores which have
granophyric intergrowths near the margins and more equigranular cores.
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FIGURE 2. Location of rock samples described by Schriener (1978).
sample SS-1 from Larch Mt.
area (se figure 1.)
034-B = aplite - not
mapped
Basic Phase &
Acid Phase from Felts
(1939), not mapped.
Minerals Company, and numerous drill holes pierce the structure. The 
shape of the Black Jack breccia pipes as visualized by AMOCO Minerals 
Company geologists is illustrated in Plate 1. Breccia te/tures and 
mineralogy are discussed in the results section of this study.
Relationship of Porphyry Copper Systems, *
Hydrothermal Alteration, and Breccia Pipes
Gilmour (1977) suggested that mineralized intrusive breccias serve 
as guides to porphyry copper systems concealed below and cites Perry (1961) 
and Simmons (1964) as proposing that clusters of intrusive breccias imply 
the existence of a buried pluton. Schriener (1978) mapped or inferred at 
least twenty-one breccia pipes mainly associated with porphyritic phases 
of the Silver Star Plutonic Complex, but as yet, the existence of a por­
phyry copper deposit in the southern Cascades has not been reported in the 
literature.
Porphyry ore deposits, occurring in the western Americas, and south­
west Pacific and Alpide orogenic belts, are considered by Sillitoe (1972) 
to constitute a normal facet of calc-alkaline magmatism. Burnham (1979) 
states that the formation of porphyry copper-molybdenum deposits is a 
natural consequence of the solification of a hydrous magma in a shallow 
crustal environment. Burnham (1979) agrees that the classic Lowell and 
Guilbert (1970) model of porphyry copper systems represents the "typical" 
porphyry system.
In their classic study of the San Manuel-Kalamazoo deposit, Lowell
and Guilbert (1970) found coaxially arranged zones of hydrothermal altera­
tion about a mineralized granitic intrusive (Fig. 3). These are the
potassic zone (secondary biotite, K-feldspar, quartz, sericite) at the
core (and earliest), outward through phyllic (quartz, sericite, pyrite).
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PLATE 1. The shape of the Black Jack breccia pipe as visualized 
by AMOCO Minerals Company geologists. Four drill holes 
are shown piercing the structure—SS-2, SS-4, SS-7, and 
SS-25B.
Alteration-mineralization zoning in porphyry ore deposits (from
Lowell and Guilbert, 1970).
SAN MANUEL FAULT
b c
FIGURE 3. Concentric alteration-mineralization zones at San Manuel- 
Kalamazoo. (a) schematic drawing of alteration zones. _ 
Broken lines on Kalamazoo side indicate uncertain continuity 
or location and on San Manuel side extrapolation from Kala­
mazoo. (b) schematic drawing of mineralization zones (c) 
schematic drawing of the occurrence of sulfides.
argillic (quartz, kaolin, montmorillonite), and prophylitic (epidote, 
calcite, chlorite). Ore occurrences change upward and outward from 
dissemination at the low grade core of the deposit through micro-veinlet 
and finally vein occurrence, indicating the progressively increasing 
effect of structural control. From the core out, sulfide species vary 
from chalcopyrite-molybdenite-pyrite through galena-sphalerite with minor 
gold and silver. Peripheral structures such as high grade breccia pipes 
with attendant crackle zones are common.
The model for development of porphyry copper-molybdenum systems pre­
sented by Burnham (1979) is the most recent to date and is consistent with 
the majority of experimental and field evidence in the literature. The 
model calls for a generally composite, vertically elongate stock of grano- 
diorite porphyry that protrudes upward from the top of a larger igneous 
body. Because such parameters as stock shape, shallowness of emplacement, 
and presence of breccia pipes suggests to Burnham (1979) that the stock 
solidified in close proximity to volcanic conduits during the waning stages 
of eruptive activity, he visualizes the development of porphyry copper- 
molybdenum systems "as one of the end products of the solification process, 
during the period when its main locus of operation was receding toward an 
underlying magma chamber".
The model commences with shallow emplacement of hydrous granodiorite 
magma that has undergone cooling to below solidus temperatures everywhere 
outside the water saturated solidus (line S-j in Fig. 4a). Except for 
conductive heat loss to wallrocks, the system is now considered closed.
At this early stage, the area above the 1000°C isotherm and below the 
solidus ($1) contains a pyroxene-bearing crystalline assemblage, decreasing 









FIGURE 4a. Schematic cross-section through a hypothetical grano- 
diorite porphyry stock and associated dike (D-j). S-i 
represents the H20-saturated solidus at this arbitrarily 
chosen initial stage in the development of a porphyry 
copper system and the circle pattern represents the zone 
of HpO saturated magma (H-O-saturated carapace). (From 
Burnnam, 1979, p. 109).
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no hornblende or biotite. However, at lower depths, hornblende and bio- 
tite will crystallize, leaving the residual melt enriched in silica and 
only negligibly depleted in H2O. Outward from the 1000°C isotherm, the 
interstitial melt becomes water saturated as the solidus is approached, 
forming a water saturated liner ("water saturated carapace") which acts as 
a barrier to volatile migration either into or out of the magma. This 
barrier is thickest at the top and thins towards the deeper periphery 
(Fig. 4a). The thicker upper portion of the carapace is the area where 
a voluminous aqueous fluid phase is produced upon second boiling of the 
cooling magma.
The results of second boiling is shown in Figure 4b. The process of 
second boiling (resurgent boiling) is a natural consequence of cooling of 
a melt that is saturated with respect to water and one or more crystalline 
phases (Burnham, 1979), and the resulting product is crystals + "vapor" + 
heat of crystallization + volume increase + enormous mechanical energy.
The effect of volume expansion is an increase in the internal pressure 
inside the carapace. At shallow depths, the pressure generated is suf­
ficient enough to cause brittle failure of the enclosing roof rock by 
exceeding its tensile strength. The effect is a steeply dipping fracture 
system (Fig. 4b) above the apical part of the stock because expansion 
occurs in the direction of least principle stress.
Burnham (1979) theorizes that if in the early stages of fracturing, 
the water saturated liner is not breached, but rather "stretched" laterally, 
additional stress is placed on the caprock with the net result being 
hydrofi^acting of existing fractures, a pressure drop in the carapace causing 
more crystallization, and more aqueous phase generation. This "pressure 
quench" crystallization accompanying hydrofracting causes the water
18
saturated carapace to recede to increasingly greater depths in the stock. 
If, however, the carapace is breached near the apical portion where 
large volumes of aqueous phase has accumulated, breccia pipes (BP2, Fig. 
4b) may form. Burnham (1979) is, therefore, suggesting breccia pipe for­
mation due to internal overpressure in a water saturated liner trapped 
between the stock and a solidified rind of rock which causes excessive 
tensile stress in the roof rock. This differs from the Norton and Cathles 
(1973) model for breccia pipe formation (which will be discussed later) 
in that Norton and Cathles (1973) call for cooling of the roof rock to 
cause fracturing. The now open system (Fig. 4b) looses heat and volatiles 
until precipitation of minerals, mainly quartz, heals enough of the frac­
ture network to form another rind and again close the system. At this 
point in time, the system (Fig. 4c) has had the water saturated carapace 
lowered, and a plumbing system created above a healed rind of rock which 
is available for possible transport of ore-bearing fluids once the magma 
cools enough to start the cycle over again. The entire sequence of events 
outlined by Burnham (1979) may be distinctly episodic or semicontinuous 
and will vary from system to system.
Several mechanisms have been suggested for the formation of breccia 
pipes based on differing field relationships and theories. Locke (1926), 
Sillitoe and Sawkins (1971), and Mills (1972) studied the crudely cylin­
drical vertical to sub-vertical bodies containing cemented rock fragments, 
known as intrusive breccia pipes, and conclude they form as collapse 
structures due to rock removal by hydrothermal fluids (Fig. 5). Alterna­
tively, Norton and Cathles (1973) (Fig. 6), Kents (1964), and Burnham 
(1979) (as previously discussed) consider hydraulic fracturing due to 
pressure exerted by an exsolved vapor phase the important brecciation
19
(b)
FIGURE 4b. Schematic cross-section as in figure 4a, except at a 
later (second stage of) solidification. BP^ and D2 
schematically represent a breccia pipe and dike that 
formed as a result of wall-rock failure between stages 
1 and 2. Chaotic line pattern represents extensive 
fracture system that also developed during this period 
of activity and retreat of the H20-saturated carapace 








FIGURE 4c. Schematic cross-section as in figures 4a and 4b, except 
at a stage of waning magmatic activity in the develop­
ment of a porphyry copper-molybdenum system (from 
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Normal breccia cemented 
► by tourmaline, quartz
& sul f ides
„ Heavily replaced 
loner part of pipe
FIGURE 5. Interpretive cross-section of a typical Chilean breccia 
pipe, illustrating concept of the vertical changes which 
'Tiight be encountered within a pipe (from Sillitoe and 
Sawkins, 1971).
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FIGURE 6. Norton and Cathles (1973) model for the formation of
breccia pipes.
(a) Magmatic water exsolves from rising pluton as a result of decreasing
solubility in melt, but is trapped beneath cool outer rind of pluton.
(b) The bubble eventually becomes large enough and the rind brittle enough
to break down through, (c) The resulting drop in hydrostatic pressure
signals collapse of the cavity by sheet fracturing and blocky stope caving,
(d) The pipe continues to grow until void is filled and thus supported by
breccia. The pipe may grow upward above the original pluton margins
depending on caving properties of stock versus host rocks (from Norton
and Cathles, 1973).
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mechanism. Llambias and Malvicini (1969), and Fletcher (1977) see evidence 
for hydraulic fracturing followed by collapse. Kutina and Sedlackova 
(1961) studied cockade and breccia textures and found replacement played 
an important role in the origin of some cockade textures. After studying 
the origin of the San Francisco de los Andes tourmaline-bearing breccia 
pipe in Argentina, Llambias and Malvicini (1969) conclude that it formed 
by the following series of events: First, a hydrothermal alteration
stage; second, breccia formation by an explosive event; third, formation 
of the ore body initially by a filling stage with minor replacement.
followed by; fourth, a replacement stage with minor filling. Plate 2
is an example of hydrothermal minerals filling a void created by 
brecciation.
PLATE 2. Example of open space filling around hydrothermally 
altered breccia fragment. Sample is from the Black 
Jack breccia pipe, location-SS4,677. Silicified 
breccia fragment (A) surrounded by hydrothermal 
minerals-tourmaline (B), calcite (C), chalcocite (D), 
chalcopyrite (E), and bornite (F) (actual sample size 
= 2 in. X 1.3 in.).
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Previous Tourmaline Investigations 
The chemistry of tourmaline is of considerable importance because 
it reflects, to a certain degree, the physical and chemical environment 
in which it crystallized. Ward (1931) summarized earlier tourmaline 
investigations and noted that little attention had been paid to the com­
mon black variety of tourmaline, schorl. He related the wide range of 
chemical compositions to their optical properties. His attempt to dis­
tinguish an ore related tourmaline from that of a schist or pegmatite 
proved negative. Warner (1935) and Carobbi and Pieruccini (1947) quali­
tatively correlated color with composition. Smith (1949) synthesized 
tourmaline from its component oxides and water at 400-450°C and investi­
gated its stability. Donnay and Buerger (1950) determined the crystal 
structure of the black Fe-tourmaline crystal from Andreasberg and a 
colorless Mg-tourmaline from Dekalb. In a classic paper, Eprecht (1953) 
first studied variations of unit cell dimensions in tourmaline. Staatz 
^ (1955) found that the chemical composition of tourmaline varies
with position in a pegmatite and explained this variation as being due 
to a gradual change in composition of a single pegmatite fluid crystal­
lizing in a closed system. From the literature, they determined that 
tourmaline permits isomorphous substitutions involving 36 elements. 
Bradley and Bradley (1952) found black tourmalines to be characterized 
by a high ferric iron content and low Mn and Li. Slivko (1955) provided 
numerous chemical analyses and examined the relationship of chemistry to 
color, refractive index, and birefringence. Frondel and Collette (1957) 
synthesized tourmaline by reacting mineral fragments in a water solution 
containing 0.3N NaCl and 3.ON H^BO^ plus magnetite and muscovite. When 
Si02 was added to this solution at 550°C and 250 bars, tourmaline formed.
25
Sr:Ca ratios were used by Power (1966) as an aid to distinguish tourma­
line of hydrothermal origin and as an indicator of degree of fractiona­
tion of a magma. Bragg et (1965) gave the general formula for tourma­
line as (Na,Ca)(Li ,Mg,Al )3(A1 ,Fe,Mn)g(0H)^(B02)3Sig0.|g and described the 
structure. According to these authors, tourmaline has a rhombohedral unit 
cell and the structure "has Sig0.jg rings around the threefold axes with 
the bases of the tetrahedra approximately normal to these axes and their 
apices pointing in a common direction. Groups of three BO3 triangles 
alternate with the rings along these axes. Four oxygen atoms and two OH 
groups form octahedra surrounding each atom of the (Li,Mg,Al) group and 
through them link together the column of SigO^jg rings and BO3 triangles 
around a threefold axis. The columns are held together laterally by octa­
hedra of five oxygen atoms and one OH group surrounding the atoms of the 
(Al,Fe,Mn) group... Sodium or calcium atoms lie in cavities on the three­
fold axes." Deer, Howie, and Zussman (1966) gave the formula of tourmaline 
as Na(rig,Fe,Mn,Li ,A1 )3Alg(Sig0ig)(B0g)3(0H,F)4, or generalized, NaRgAlgB^ 
Sig027(0H)^. They diagrammatically represented the crystal structure
(Fig. 7). According to Deer, Howie, and Zussman (1966): (1) K or Ca can
+2replace Na; (2) the R position can be predominantly Fe (schorl). Mg
(dravite), or A1 + Li (elbaite), and Mn, Fe , and Cr may also occupy the 
R position; (3) there is a complete range of composition between the Mg 
and Fe-rich members, and between the Fe-rich and the Li tourmalines;
(4) the Mg and Li tourmaline molecules are almost immiscible; and (5)
A1 does not appreciably substitute for Si. Power (1968) found that 
tourmaline reflects the fractionation trends of the rocks from which it 
comes in the proportion of Mg, Ca, Ti, and certain trace elements. He 
used cumulative frequency plots to distinguish hydrothermal tourmalines
O 0 O O o OONa, Li,Al AI Si B O OH
Ca or 
Mg
FIGURE 7. The structure of tourmaline (in part) projected on 
(0001), (after Ito and Sadanaga, 1951). One Si60]8 
and three BO3 groups are traced by thin and thick 
full lines respectively; bonds around Al are repre­
sented by broken lines (from Deer, Howie, and Zuss- 
man, 1966, p. 91),
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from those of quartz-tourmaline rocks, the latter considered to be the 
product of extreme fractionation of a magma. Hydrothermal tourmalines 
were found higher in Mg, Ca, Sn, Sr, and lower in Fe, Mn, and F, and also 
tended to be higher in Cr, V, Ni, and Sc. Coloring in tourmaline was 
related to degree of oxidation of iron (Faye ^ al^. > 1974). Fortier and 
Donnay (1975) discussed the dependence of tourmaline structure on compo­
sition and refined the structure of an Andreasberg schorl on the basis
, /
of 93 anions per cell. They give the balanced formula as X^XgZ-jg Bg Si-jg
%1.89 ^^’^^hl.ll’ ^®2.36 ^^0.34 ’*'0.03’ 4.92 ^^1.33
’'®^V25 °0.53 MQq 32 ^^0.20 0.02 ’■''0.20 0.05’ " ^^16.82
Fe^'^’l ig. Chaudry and Howie (1976) presented chemical analyses of pink
and green tourmalines of the elbaite-schorl series, together with physical,
optical, and x-ray data. Chemical composition was related to color,
refractive indices, specific gravities, and cell parameters. Foit and
Rosenberg (1977) statistically analyzed 136 natural tourmaline compositions
from the literature and discovered the presence and extent of coupled sub-
3+ 2+stitutions involving several cations and structural sites. A1 and Mg 
were the two predominant cations believed involved in the substitution 
process of the schorl-dravite series. Sahama ^ (1979) compared chem­
ical composition with the unit cell dimensions and unit cell volumes and 
provided additional x-ray analyses and cell parameters. They distinguish 
the following hypothetical end member tourmalines;
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X Y Z
Elbaite Na A1 ,Li A1
Dravite Na A1
Schorl Na Fe2+ A1
Tsilaisite Na Mn A1
Buergerite Na Fe3+ A1
Liddicoatite Ca Li ,A1 A1
Uvi te Ca MQo A1 ,Mg
Ca Fe2+ A1,Fe2+
Ca Mn A1 ,Mn
Sahama ^ (1979) believe that these hypothetical end members can be
2+ 3+further complicated by the possibility that both Fe and Fe can be
distributed between the Y and Z positions.
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METHODS
Access to approximately 30 thousand feet of diamond drill core was 
granted by AMOCO Minerals Company and Denison Mines (U.S.A.) Incorporated 
for use in this study. Tourmaline-bearing core samples were selected at 
representative intervals throughout the Black Jack breccia pipe and 
immediate vicinity. Additional core samples taken from drill holes in 
pyrite-bearing breccia pipes along Hemlock Ridge and from the Black Ledge 
prospect were selected for comparision with the Black Jack samples. A 
total of 70 tourmaline samples from 19 drill holes spanning a map distance 
of about 8,000 ft. (2,400 m), were selected for possible chemical and 
optical study.
Tourmaline-bearing core samples were first hand crushed in a hardened 
steel mortar and then ground in a ceramic mortar until the material would 
pass through a 150 ym mesh nylon sieve. Hand crushing prevents excessive 
fines. Clay-size particles, which included nearly all of the original 
micas present, were washed off by ultra-sonic disaggregation with a Bron- 
will Biosonic III probe. Segregation of tourmaline crystals to a purity 
of better than 99% was achieved by a combination of electromagnetic sepa­
ration with a Franz Isodynamic Model L-1 Separator and repeated heavy 
liquid separation in a Damon/I.E.C. HNS Centrifuge. Bromoform (CHBr^), 
(specific gravity = 2.87) floated off the remaining silicates and 
diiodomethane (CH2I2) (specific gravity = 3.32) precipitated any remaining 
sulfides. Additional sieving with a 200 ym nylon sieve was required to 
remove polymineralic grains, such as quartz-sericite rock fragments and 
quartz-tourmaline fragments, prior to final heavy liquid separations.
To assure that the concentrates were pure, oil mounts were prepared and
the samples scrutinized under a petrographic microscope.
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The e and co refractive indices and birefringence were determined for 
61 tourmaline concentrates using graduated index of refraction oils 
(accuracy = ±0,001), and a petrographic microscope illuminated with mono­
chromatic sodium light. The qualitative properties of pleochroism, 
presence and relative amounts of zoning and fluid inclusions, and popu­
lation homogeneity were determined with white light.
17 samples were selected for x-ray diffraction analysis. These 
analyses provide an independent check on optical results and serve as an 
indicator of gross geochemical differences. A General Electric XRD - 5 
X-ray diffractometer (utilizing Cu Ka radiation at 35 kv, 15 ma, scanning
rate of 2° 2G/min., 1° beam slit, and 0.1° counter slit) was used.
26 tourmaline concentrates, 21 from the Black Jack breccia pipe, 4 
from the Hemlock Ridge breccia pipes, and 1 from the Black Ledge prospect, 
were analyzed for major and trace elements by Barringer Magenta Ltd., 
Toronto, Canada. An additional sample was included as a split in order 
to provide a replicate analysis. The samples were analyzed by Inductively 
Coupled Plasma Emission Spectrometry (I.C.P.), a simultaneous multi- 
element method of analysis, for A1, Fe , Ca, Mg, Ti, Mn, Na, K, Si, P,
Ba, Co, Cr, Cu, Pb, Ni, Cd, Be, Ag, V, Sr, Th, Zn, and Zr.
Barringer employed the following analytical methods (R. Lett, personal 
communication):
(1) An aliquot of sample was fused with lithium metaborate in a
graphite crucible, and after cooling, the fused solid was leached with 
10 mis of 0.5N HCl. The solution was aspirated into an Applied Research 
Laboratories (A.R.L.) Model QA-137R.F. Argon Plasma Emission Spectrometer 
previously calibrated using appropriate rock standards. Emission inten­
sities were measured and the millivolt signals relayed to a S.E.L. com-
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puter where element concentrations were calculated by comparison to stan­
dards. Quality control was provided by including a geologic standard, 
repeat, and blank with the sample batch. All information was stored on 
disc for further processing.
(2) Because dilution of the sample by the lithium metaborate fusion
process decreases the sensitivity of the I.C.P. analysis for trace ele­
ments, the trace elements most important to this study (Rb, Sr, Mo, Cu,
Pb) were measured by Atomic Absorption Spectroscopy. Leachate from the 
fusion process was aspirated into a Tectron 5 A.A. Spectrophotometer and 
element concentrations determined by comparison to standards.
(3) The determination of ferrous iron required decomposing an aliquot
of sample using a boiling mixture of HF-H2S0^. The excess fluoride was 
complexed with boric acid, and the ferrous iron was determined by 
titration with a standard solution of potassium dichromate using sodium 
diphenyl amine sulphonate as the indicator. The addition of phosphoric 
acid to the sample solution lowers the formal electrode potential of the 
ferric-ferrous couple and gives a very short end-point indicated by a 
purple color persisting for at least 30 seconds.
"Analytical precisions at the 95% confidence level are, AI2O2 ±
4.40; Fe203 ± 6.04; CaO ± 6.60; MgO ± 4.84; Mn02 ± 13.33; Na20 ± 4.76;
Si02 ± 4.50; K2O ± 25.00; P20g ± 1.0; Ti02 ± 4.56; Rb ± 1.0; Sr ± 5.32;
Mo ± 4.01; Cu ± 2.14. Low levels of K2O close to instrumental detection 
level are the reason for poor precision of this element. Precision is 
calculated using Garrett's technique (Economic Geology, v. 64, 1969, 
p. 568-574)" (R. Lett, personal communication'). Units of precision are
expressed as percent of amount present. The detection limits for the I.C.P.
and A.A. methods as quoted by Barringer are listed in Table 2.
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TABLE 2. Detection limits for inductively coupled plasma emission
spectrometry and atomic absorption spectroscopy for tourma­
line analyses.
I.C.P.
Si02 0.05% 0.01% Zn 50 ppm Th 50 ppm
Ti02 0.05% CaO 0.01% Ni 50 ppm Ag 7 5ppm
AI2O3 0.02% P2O5 0.05% Co 50 ppm V 25ppm
MgO 0.01% N320 0.5% Cd 50 ppm Sr 25ppm
Mn02 0.005% K_0 0.5% Cr 50ppmj Ba 25ppm
Cu 20 ppm Mo 500ppm
Pb 37 5ppm Be 2.5ppm
A.A.







Selection of core samples for whole-rock analysis required visual 
inspection of thousands of feet of drill core, from which representative 
unaltered samples were chosen. Drill logs, petrographic reports, and 
assay reports were examined before classifying the samples by rock type, 
as mineralized vs. non-mineralized, and as unaltered. Samples were 
mechanically crushed in a shatterbox, then sieved to pass through a 200 
ym nylon sieve. 0.300 grams of dry rock powder were mixed with 1.80 
grams of lithium metaborate flux and fused in graphite crucibles. The 
glass was dissolved in 70 mis of 5% HCl, diluted to 100 mis, and combined 
with appropriate amounts of lithium metavanadate before aspiration into 
a Perkin-Elmer Model 306 Atomic Absorption Spectrophotometer at Western 
Washington University. The analyst was George Mustoe, Geology Department 
technician. W.W.U. whole-rock standards ZGl-G (granite), Stml (nepheline 
syenite), and BM (basalt), and South Africa National Institute of Metal­
lurgy whole-rock standard NimG (granite) were used to calibrate the 
instrument.
Paragenesis of the Black Jack breccia pipe was explored through 
drill core inspection, thin section and polished section analysis, and 
geochemical analysis. Particular attention was paid to tourmaline geo­
chemistry, whole-rock analyses, alteration mineralogy and extent of 
alteration, and style of brecciation.
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RESULTS
Both whole-rock and tourmaline samples discussed in this study are 
identified by their location codes. For example, SSI,103, identifies 
the sample as coming from drill hole SS-1 and from one hundred and three 
feet below the drill collar. Each location code has been assigned a 
number or letter (see Tables 3, 6) to avoid cluttering the figures with 
the location codes. Drill hole locations are shown in Appendix II.
Whole-Rock Geochemistry
Eleven unaltered plutonic rock samples from the vicinity of the 
Black Jack breccia pipe were selected for major and trace element analyses 
by atomic absorption at Western Washington University. These rocks had 
been previously classified petrographically by commercial petrographers 
and appeared in in-house reports to AMOCO Minerals Company. Their 
petrographic classification, location, and associated copper values are 
listed in Table 3. The copper values of rocks 1 through 10 are assay 
values obtained from 10 ft. (3 m) sections of split core. The major and 
trace element analyses are listed in Table 4.
Calculated C.I.P.W. normative mineralogy is listed in Table 5, and 
these values are plotted on the I.U.6.S. geochemical classification 
triangle for plutonic rocks (Fig. 8). With the exception of samples 4 
and 6, which are quartz-monzodiorites, all of the other rocks are geo- 
chemically granodiorites, including sample 10, which on the basis of 
petrography, was classified a quartz monzonite.
Silica versus alumina/(K2O + Na^O + CaO) ratios for the intrusive 
phases of the Silver Star Plutonic Complex are listed in Table 3 and are 
plotted in Figure 9. The heavy dashed line in Figure 9 is the estimated
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visible porphyry copper mineralization (this study)
Mineralized plutonic rocks >0.05%
Black Jack Breccia Pipe and Vicinity (this study)
From Schriener, (1978)
Estimated Boundary Between Mineralized and
Non-mineralized Plutons, from Feiss, (1978)
AIA /
/Kp+Na,0+Ca0
FIGURE 9. Plot of alumina/(K.O + Na.O + CaO)versus Si02 for theintrusive phases of the Silver Star Plutonic Complex. 
Data is located in Table 3.
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boundary between mineralized and non-mineralized plutons according to 
Feiss (1978) and Mason and Feiss (1979), and applied to rocks in the North 
Cascades by Zamboras (1979).
Feiss (1978) applies crystal field theory to explain the behavior of 
copper during magma crystallization. According to Feiss (1978), crystal 
field theory predicts that copper enters octahedral sites in preference 
to tetrahedral sites in both crystal and melt phases. Furthermore, the 
amount of alumina in the magma has a strong influence on the ratio of 
octahedral to tetrahedral sites (Burns and Fyfe, 1964). Thus, an initially 
high alumina magma will have a relatively high number of octahedral sites 
in the silicate liquid phase, and would retain copper in the melt for 
eventual partitioning into the aqueous phase. Feiss (1978) states that 
a high alumina/(K20 + Na20 + CaO) ratio should make an epizonal granitic 
rock a preferred locus for porphyry copper-type mineralization. It 
follows that copper will enter the octahedral sites of early formed 
crystals in alumina-poor magmas (Feiss, 1978), and will not form ore 
deposits unless a later hydrothermal event concentrates the copper 
(Zamboras, 1979).
The model presented by Feiss (1978) appears to work fairly well in 
the Silver Star area because rocks that are associated with copper 
mineralization have high alumina/(K20 + Na20 + CaO) ratios (Table 3,
Fig. 9). It should also be noted that rocks associated with copper 
mineralization are also the more silicic rocks. Figure 9 predicts that 
the diorite, quartz diorite, and quartz diorite porphyry phases of the 
Silver Star Plutonic Complex should not be conducive to porphyry copper- 
type mineralization, whereas the granodiorite, granodiorite porphyry, 
and quartz-monzodiorite phases would favor porphyry copper-type mineral!-
41
The geochemical values used in plotting Figure 9 should be from un­
altered Plutonic rocks. However, samples 8 and h (Table 3, Fig. 9) con­
tain altered ferromagnesian minerals and their positions in Figure 9 must 
be regarded as suspect.
Optical Properties of Tourmaline
Tourmaline concentrates from 61 locations were examined by optical 
microscopy. The quantitative optical properties of refractive index and 
birefringence, and the qualitative properties of color, population homo­
geneity, presence and relative amounts of zoning and fluid and opaque 
inclusions were determined. The qualitative properties were of interest 
for their possible use in interpreting geochemical results.
Petrographic scanning of oil mounts revealed that the pleochroism 
of the tourmaline is variable. Some samples contain tourmaline concen­
trates which are all reddish brown (beer bottle brown), whereas other 
samples are bluish green. Others contain variable mixtures of the two.
Birefringence and refractive index determinations and population 
characteristics are listed in Table 6. These results represent averages 
of numerous tourmaline crystals per sample location and differ from most 
of the published literature on tourmaline, where single, large, carefully 
chosen tourmaline crystals are described.
Table 6 shows that of the 13 samples from the Hemlock Ridge loca­
tions (see Appendix II), all are characterized by a single population/ 
sample point, with the exception of one data point (number 53, (05,710). 
The 4 samples from the Black Ledge breccia pipe contain multiple popu­
lations/sample point, and the 44 samples from the Black Jack breccia pipe
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and immediate vicinity have either single or multiple populations/sample 
point. The epsilon and omega refractive indices for single population 
samples are plotted in Figure 10. The samples form two distinct clusters 
of points. The higher refractive index tourmalines are all from the 
Black Jack breccia pipe, whereas most of the low refractive index tourma­
lines are from the Hemlock Ridge breccias. The only overlap is that of 
points 1, 2, and 47 from the Black Jack area; however, all three samples 
are from shallow depths and are peripheral to the Black Jack breccia 
pipe. A plot of refractive indices from the multiple population groups 
produces similar but slightly more scattered clusters of points as shown 
in Figure 11. In terms of refractive index, the Black Jack group of 
tourmaline appears distinctly different from the Hemlock Ridge group. 
Moreover, the multiple population groups appear to contain fractions 
similar to those of the single population groups.
Plates 3 through 17 illustrate the relationships seen in Figures 10 
and 11. Plates 3, 4, and 5 are photomicrographs of a tourmaline grain 
typical of the Black Jack single population category. The grain is 
reddish-brown when oriented in the epsilon vibration direction (Plate 3), 
increases in color intensity when oriented in the 45° position of maximum 
birefringence (Plate 4), and is dark olive-black when oriented in the 
omega vibration direction (Plate 5). Mote the secondary fluid inclusion 
trails.
In contrast. Plates 6, 7, and 8 represent the respective Hemlock 
Ridge counterparts of Plates 3, 4, and 5. In the Hemlock Ridge variety, 
pleochroic colors of the typical grain change from clear to light yellowish- 
brown in the epsilon vibration direction to deep blue green at the 45° 
position and to dark blue-green in the omega vibration direction. Faye
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FIGURE 10. Refractive index determinations of tourmaline (single popu­
lation/sample point) from the Black Jack breccia pipe and 
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Black Jack breccia 
and Black Ledge breccia
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PLATE 3. Photomicrograph of typical Black Jack-type tourmaline, 
oil mount oriented in the e vibration direction. Oil = 
1.674, e = 1.650, location = SS-7,526, scale - 1" =
0.17 mm, uncrossed nicols, magnified 160X.
PLATE 4. Photomicrograph of typical Black Jack-type tourmaline, 
oil mount oriented in the w vibration direction. Same 
grain as in Plate 3. Oil = 1.674, w = 1.673, location = 
SS-7,526, scale - 1" = 0.17 mm, uncrossed nicols, magni­
fied 160X.
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PLATE 5. Photomicrograph of typical Black Jack-type tourmaline, 
oil mount oriented in the 45° position of maximum bire­
fringence. Same grain as Plates 3 & 4. Oil = 1.674, 
location = SS-7,526, scale - 1" = 0.17 mm, uncrossed 
nicols, magnified 160X.
PLATE 6. Photomicrograoh of typical Hemlock Ridge-type tourmaline 
oil mount oriented in the e vibration direction. Oil = 
1.660; e = 1.635, location = SS-7,132, scale - 1" = 0.17 
mm, uncrossed nicols, magnified 160X.
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PLATE 7. Photomicrograph of typical Hemlock Ridge-type tourmaline, 
oil mount oriented in the u vibration direction. Same 
grain as in Plate 6. Oil = 1,660, lo = 1.661, location = 
SS-17,132, scale - 1" = 0.17 mm, uncrossed nicols, mag­
nified 160X.
PLATE 8. Photomicrograph of typical Hemlock Ridge-type tourmaline, 
oil mount oriented in the 45° position of maximum bire­
fringence. Same grain as Plates 6 & 7. Oil = 1.660, 
location = SS-17,132, scale - 1" = 0.17 mm, uncrossed 
nicols, magnified 160X.
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^ (1974) and Deer, Howie, and Zussman (1966) attribute the color of
schorl predominantly to the iron content of the tourmaline, and color varia-
+3 +2tions to the degree of oxidation of iron, i.e., the Fe /Fe ratios.
Color zoning is common in tourmaline and may run parallel to the 
prism faces or to the basal plane (Deer, Howie, and Zussman, 1966). Both 
types of zoning were detected in this study. Plate 9, a photomicrograph 
taken with uncrossed nicols, is a good example of zoning parallel to the 
prism faces in the Hemlock Ridge group. As suggested by Bradley and 
Bradley (1953), color changes with the boundary parallel to a crystal 
face probably marks a change in composition of the parent solution during 
crystal growth.
Plate 10, photographed prior to final cleaning, reveals multiple 
growth stages of tourmaline crystals from location SS-25B,180 (shallow 
throat of the Black Jack breccia pipe). To the right of center, at the 
bottom of the photomicrograph, a concentrically zoned tourmaline crystal 
has a light colored core surrounded by a much darker rim. A close-up 
of this crystal is shown in Plate 11. The lighter colored cores, which 
constitute about 1 percent of the total sample, range in color from light 
blue to blue-green to olive-green. The rims range from dark olive-brown 
to light olive-black. Also seen in Plate 10 are two vari-colored lath­
shaped tourmaline crystals that are zoned parallel to the basal plane.
They are light colored and range from clear to pink, grading to moderate 
blue acicular terminations. These account for about 1 percent of the 
total sample. Observed, but not photographed, are tourmaline crystals 
which were zoned parallel to the basal plane and changed from olive- 
brown to pink to blue. The bluish-green cores have an omega refractive 
index of 1.661 and the darker rims 1.675. The light colored laths were
51
PLATE 9. Photomicrograph of tourmaline oil mount illustrating
zoning parallel to the prism faces in the Hemlock Ridge 
group. Oil = 1.660, to = 1.654, location = SS-15,657, 
scale - 1" = 0.42 mm, uncrossed nicols, magnified lOOX.
PLATE 10. Photomicrograph of tourmaline oil mount illustrating
multiple growth stages of tourmaline from the Black Jack 
breccia pipe. The tourmaline exhibits both longitudinal 
and concentric zoning. The sample is from the shallow 
throat of the pipe. Oil = 1.674, location = SS-25B,180, 
scale - 1" = 0.67 mm, uncrossed nicols, magnified 25X.
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PLATE 11. Photomicrograph of tourmaline oil mount showing close- 
up of concentrically zoned tourmaline from the Black 
Jack breccia pipe. Same grain as in Plate 10. Lower 
refractive index core is rimmed by higher refractive 
index tourmaline. Oil = 1.674, location = SS-25B,180, 
scale - 1" = 0.42 mm, uncrossed nicols, magnified lOOX.
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of variable color and their refractive indices were indeterminate.
The apparent crystallization sequence is as follows: (1) Initial
crystallization of a relatively low refractive index bluish-green 
tourmaline (w = 1.661) from the first major fluid phase, followed by,
(2) a second major fluid phase causing the zonal accretion of a higher
refractive index olive-black tourmaline (u = 1.675), then; (3) growth
of a very minor amount of vari-colored pink-clear-light blue crystals,
and finally; (4) crystallization of the very minor acicular moderate- 
blue tourmaline. The refractive index of the core tourmaline is within
the range of the Hemlock Ridge group and the rims are within the range
of the Black Jack single population group. The growth characteristics
of the latter two stages in the sequence are interpreted to be the
result of minor.late emanations of variable composition.
Table 6 and Plates 12 and 13 indicate a marked similarity between 
the Black Ledge samples and the Black Jack multiple population group, 
suggesting a common origin.
Sample numbers 1,2, and 47 from Table 6 have locations which are 
shallow and peripheral to the Black Jack breccia pipe. A photomicrograph 
of sample number 2 (SS-1,103) is seen in Plate 14. Because the optical 
properties of samples 1, 2, and 47 (Table 6) are virtually identical to 
the Hemlock Ridge variety (Plates 6, 7, 8, 9), these samples are believed 
to be derived from the same parent fluid as the Hemlock Ridge group and 
will be classified with them.
A comparative summary of the Hemlock Ridge and Black Jack single 
population tourmalines is presented in Table 7.
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PLATE 12. Photomicrograph of tourmaline oil mount illustrating
similarity of Black Ledge-type tourmaline and Black Jack- 
type tourmaline. Note multiple populations of tourmaline 
and concentrically zoned crystal similar to the crystal 
exhibited in Plates 10 & 11. Oil = 1.674, location = 
Bl-1,129, scale - 1" = 0.67 mm, uncrossed nicols, magni-
PLATE 13. Photomicrograph of tourmaline oil mount showing close-up 
of concentrically zoned tourmaline from the Black Ledge 
breccia pipe. Note similarity to Plate 11. Oil = 1.674, 
location = Bl-1,501, scale - 1" = 0.42 mm, uncrossed 
nicols, magnified 100X.
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PLATE 14. Photomicrograph of tourmaline oil mount illustrating 
Hemlock Ridge-type tourmaline. Sample is from peri­
phery of Black Jack breccia pipe. Oil = 1.632, e =
1.631 , 0) = 1.655, location = SS-1,103, scale - 1" = 
0.55 mm, uncrossed nicols, magnified 32X.
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TABLE 7. Range, average, and modal values of refractive index and 
birefringence for single population tourmalines in the 
Silver Star area.
Hemlock Ridge______________________Black Jack













Average 1.631 1.658 0.206 1.647 1.674 0.027
Mode 1.631
1.633
1.659 0.026 1.649 1.675 0.026
Differences between tourmalines from the Hemlock Ridge and Black Jack 
groups are also detect!ble in thin section. The higher refractive index 
tourmaline of the Black Jack group appears reddish-brown in thin section 
as shown in Plate 15. Typically, it occurs together with chalcopyrite.
The lower refractive index tourmaline of the Hemlock Ridge group appears 
blue-green in thin section, as shown in Plate 16. Typically, it is 
associated with intense sericitization and the presence of pyrite with 
little or no chalcopyrite (Plates 16 and 17). The blue-green tourmaline- 
pyrite association and the reddish-brown tourmaline-chalcopyrite associa­
tion were observed throughout the study area.
Textures and Paragenesis
Insight into the origin of the Black Jack breccia pipe and subsequent 
mineralization of the structure was gained by inspecting thousands of 
feet of drill core and examining over 150 thin and polished sections from 
the Silver Star area. The Black Jack breccia pipe is essentially a stock- 
work breccia with larger block fragments toward the margins of the pipe 
and smaller block fragments toward the interior. The dominant style of
57
PLATE 15. Photomicrograph of thin section showing chalcopyrite (A) 
in contact with Black Jack-type tourmaline (B). White 
mineral (C) is quartz. Location = SS-7,555.8 (center of 
Black Jack breccia pipe), scale - 1" = 0.67 mm, uncrossed 
nicols, magnified 25X.
PLATE 16. Photomicrograph of thin section showing pyrite (A) in con­
tact with Hemlock Ridge-type tourmaline (B). Fine grained 
mineral (C) is sericite. Location = SS-1,103 (periphery 
of Black Jack breccia pipe), scale - 1" = 0.67 mm, 
uncrossed nicols, magnified 25X.
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PLATE 17. Photomicrograph of thin section showing (opaque) pyrite 
(A) in contact with Hemlock Ridge-type (radiating) tour­
maline (B). Location = SS-14,1046 (deep within Hemlock
Ridge), scale - 1" = 0.67 mm, uncrossed nicols, magnified
25X.
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brecciation is shown in Plates 18 and 19, The fragments indicate frac­
turing and alteration of the country rock with very little displacement, 
followed by cementation of the fragments with tourmaline and other hydro- 
thermal minerals. One can envision fitting the rock fragments back 
together as pieces of a puzzle.
Near horizontal alignment of fragments (Plate 20) occurs only locally 
and suggests minor displacement by gravity settling or collapse has taken 
place. Likewise, fine matrix material between breccia fragments (Plate 
21) is uncommon, suggesting that the mechanical process of abrasion was
limited. Solution rounding of breccia fragments is commonly observed
(Plate 22). The preponderance of the solution rounding phenomenon over
the occurrence of rock fragment matrix, together with the relatively
minor amounts of fragment displacement by gravity settling is suggestive
of hydraulic fracturing immediately followed by the introduction of large
amounts of hydrothermal fluid, very much as proposed by Burnham (1979)
in his model for the formation of breccia pipes.
The rock fragments were altered to quartz-sericite (Plates 18, 19,
20, 21) or totally silicified (Plate 22) depending on the degree of 
alteration. The fragments are typically cemented together by tourmaline 
and less commonly by tourmaline and quartz and sulfides. Plates 23 and 
24 show the textural relationship of the tourmaline cement to a typical 
silicified rock fragment.
Following brecciation, the Black Jack breccia pipe became porous and 
permeable and provided a plumbing system for hydrothermal fluids which 
precipitated gangue and sulfide mineralization. The high porosity and 
permeability is evidenced by the occurrence of disseminated chalcopyrite 
in both the altered rock fragments and tourmaline cement (Plate 22), and
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PLATE IS. Breccia from the Black Jack breccia pipe indicating only minor 
displacement of fragments. Quartz-sericite breccia fragments 
are cemented with tourmaline and chalcopyrite. Location = 
SS-25B,332 (from upper portion of the pipe), scale - 1" = 2".
PLATE 19. Breccia from the Black Jack breccia pipe indicating only minor 
displacement of fragments. Locations from left to right - 
SS-16, 530, 520, 572 (from moderate depths and toward the 
southern margin of the pipe).
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PLATE 20. Breccia from the Black Jack breccia pipe suggesting fragment 
displacement by gravity settling. This is a minor textural 
feature. Location = SS-26,518 (near the center of the pipe), 
scale - r = 2".
PLATE 21. Breccia from the Black Jack breccia pipe showing matrix of 
small rock fragments, suggesting mechanical abrasion. This 
is a minor textural feature. Location = SS-16,530.5 (from 
moderate depth towards the southern margin of the pipe), 
scale - 1" = 2".
62
PLATE 22. Breccia from the Black Jack breccia pipe illustrating
solution rounding of fragments. The silicified breccia 
fragment has been rounded by hydrothermal solutions and 
cemented by tourmaline. The highly porous rock became 
a conduit for ore-bearing solutions. The ore mineral 
is chalcopyrite. Location = SS-7,526 (near the center 
of the pipe), scale - 1" = 2".
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PLATE 23. Photomicrograph of thin section illustrating the textural 
relationship of a silicified breccia fragment (A) with the 
tourmaline cement (B), nicols uncrossed. From the Black 
Jack breccia pipe, location = SS26,518. Scale - 1" =
0.67 mm, magnified 25X,
PLATE 24. Same as above, nicols crossed.
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by the presence of terminated euhedral tourmaline and quartz crystals 
grown in voids, to which chalcopyrite is surficially attached (Plate 25).
The sequence of mineralization in the Black Jack breccia pipe is 
graphically illustrated in Figure 12. Sericite is restricted to altered 
breccia fragments where it replaces plagioclase. It was probably contem­
poraneous with deposition of hydrothermal minerals in the open spaces 
between fragments. Quartz is virtually ubiquitous. It preceded, followed, 
and was contemporaneous with tourmaline and sulfide deposition (Plates 25, 
27, 29). Tourmaline deposition was probably discontinuous, with initial 
deposition of the low refractive index (Hemlock Ridge) variety, followed 
by the higher refractive index (Black Jack) variety; both of these were 
followed by the minor amounts of the variably-colored late stage tourma­
line (see discussion on tourmaline). Pyrite was largely deposited during 
the interval between the early Hemlock Ridge and later Black Jack tourma­
lines. The majority of chalcopyrite mineralization followed deposition 
of the Black Jack variety of tourmaline as seen in Plates 22 and 25. In 
thin section, chalcopyrite is seen along fractures in earlier tourmaline 
(Plate 26) and appears to corrode the edges of pre-exisiting tourmaline 
(Plate 27). However, some tourmaline and chalcopyrite were coeval, as 
seen in Plate 28 where chalcopyrite inclusions occur along growth zones 
in Black Jack tourmaline. Thin section analyses also disclosed fine 
euhedral tourmaline needles enclosed in anhedral quartz, and quartz sur­
rounded by chalcopyrite (Plate 29), thus indicating that quartz, tourma­
line, and chalcopyrite were in part coeval.
Minor amounts of bornite, chalcocite, and molybdenite are associated 
with chalcopyrite. Very minor spalerite and galena are found near the 
margin of the pipe, but their paragenetic relation to the copper is not 
known. Late cal cite and barite are negligible gangue minerals.
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PLATE 25. Tourmaline, quartz, and chalcopyrite grown in a void in the 
Black Jack breccia pipe. Later chalcopyrite is seen adhering 
to earlier terminated euhedral tourmaline and quartz crystals. 
Scale - 1" = 0.67 mm.
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FIGURE 12. Mineralogy and paragenesis of the Black Jack breccia 
pipe. Interpretations are based on breccia textures, 
petrographic analyses, and ore petrographic analyses 
of polished sections. (HR = Hemlock Ridge-type; BJ = 
Black Jack-type, thickness of line means relative amount).
Time
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PLATE 26, Photomicrograph of thin section showing Black Jack-type
tourmaline (A) fractured and filled by later chalcopyrite 
(B). Location = SS-22,806, scale - 1" = 0.42 mm, uncrossed 
nicols, magnified lOOX.
PLATE 27. Photomicrograph of thin section showing corroded Black Jack- 
type tourmaline (A) in contact with later chalcopyrite (B). 
Mineralizing fluid is quartz-bearing (C). Location = SS-7, 
610, scale - 1" = 0.67 mm, uncrossed nicols, magnified 25X.
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PLATE 28. Photomicrograph of thin section showing Black Jack-type tour­
maline (A) coeval (in part) with chalcopyrite (B). Note 
chalcopyrite crystallized as inclusions parallel to apical 
crystal faces within the tourmaline. Location = SS-26,806, 
scale - 1" = 0.42 mm, uncrossed nicols, magnified lOOX.
PLATE 29. Photomicrograph of thin section showing coeval quartz (A),
tourmaline (B), and chalcopyrite (C). Location = SS-18,1054, 
scale - 1" = 0.42 mm, uncrossed nicols, magnified lOOX.
69
Hydrothermal alteration and subsequent mineralization in the vicinity 
of the Black Jack breccia pipe was strongly structurally controlled.
Within very short distances from the margins of the breccia pipe and 
attendant vein structures, alteration and mineralization rapidly grade 
into fresh granodiorite and granodiorite porphyry.
Tourmaline Unit Cell Parameters 
by X-Ray Diffraction
Sahama ^ a^- (1979) plotted unit cell parameters of 198 naturally 
occurring tourmalines of varying composition and compared them to hypo­
thetical end members of the tourmaline group. Unit cell parameters of 
17 tourmaline concentrates representing the Black Jack, Hemlock Ridge, 
and Black Ledge prospects were determined by x-ray diffraction according 
to the procedure described by Cullity (1978). The results are listed in 
Table 8 and graphically displayed in Figure 13, where they are compared 
to the hypothetical end members of Sahama et (1979). The Hemlock
I
Ridge samples plot closer to the buergerite field indicating ferric iron
1
in the Y crystallographic site, whereas the Black Jack samples cluster 
near the dravite and uvite fields and closer to the hypothetical schorl 
end member, indicating magnesium and ferrous iron occupying the Y site 
(Sahama et ^., 1979). The appreciable percentage of the high refractive 
index component detected optically in the Black Ledge samples of inter­
mediate depth (Table 6), is also manifest in their average cell parameters. 
Samples BL-1,129 and Bl-1,243 overlap Black Jack points in Figure 13, 
whereas sample BL-1,501, which contained considerably less of the high 
refractive index component, plots with the Hemlock Ridge group.
The a unit cell dimension is calculated from the position of the 0
(300) and (600) x-ray peaks, and the c^ unit cell dimension from the (003)
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TABLE 8. Unit cell parameters (ag, Cq) of selected tourmaline 
concentrates from breccia pipes associated with the 
Silver Star Plutonic Complex.
e Number Location ao(^) c^(h)
1 SS-25B,332 15,931 7.203
2 SS-22,806 16.011 7.212
3 SS-2,821 15.931 7.212
4 SS-15,657 15.890 7.185
5 SS-7,335 15.931 7.221
6 BL-1,501 15.890 7.176
7 SS-26,721 15.931 7.203
8 SS-3,815 15.931 7.212
9 SS-20,400 15.931 7.221
10 SS-20,806 15.931 7.221
11 SS-26,444 15.928 7.212
12 SS-7,640.2 15.928 7.221
13 SS-7,526 15.973 7.212
14 BL-1,243 15.931 7.212
15 BL-1,129 15.931 7.221
16 DIO,922 15.890 7.242





































Plot of unit cell parameters of selected tourmaline con­
centrates determined by x-ray diffraction. Data is 











peak. The indices are from card number 14-76, JCPDS Powder Diffraction 
File, and are based on a rhombohedral unit cell; the a^ dimension was 
calculated using the equation given by Cullity (1978, p. 335). Because 
the peaks used to calculate the a^ unit cell dimensions were larger and 
more clearly defined than the peak used to calculate the c^ unit cell 
dimensions, the a^ coordinates in Figure 13 may be more reliable than 
the Cq coordinates. That is, the importance that Figure 13 attributes 
to the magnesium (dravite) content of the tourmalines may be exaggerated 
with respect to the ferrous iron (schorl) content. Nonetheless, the 
chemical trend is clearly toward the magnesium end member (dravite) rather 
than towards the lithium-aluminum end member (elbaite). For this reason, 
it appeared that the lithium contents of the Silver Star tourmalines would 
be minor, thus permitting the use of lithium-metaborate flux to digest the 
tourmaline concentrates for geochemical analysis.
Tourmaline Geochemistry
Twenty-six tourmaline concentrates from the Silver Star area were 
analyzed for their major and trace element compositions. Major element 
analyses are listed in Table 9 and trace element analyses are listed in 
Table 10. Samples 21 and 3 (Tables 9 and 10) are splits of tourmaline 
from SS-20,525 and were used as an independent check on laboratory pre­
cision. The tourmaline samples selected for geochemical analysis included 
4 samples from the Hemlock Ridge group, 11 from the Black Jack single 
population group, 10 from the Black Jack multiple population group, and 
1 from the Black Ledge prospect.
The major element oxides, AI2O2, ^®2^’ *^2®’
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Ag, Ni, Cd, and Be, were analyzed by the Inductively Coupled Plaznia 
(I.C.P.) method. The use of LiBO^ flux to digest the tourmaline concen­
trates reduced detection limits of trace elements by I.C.P. analysis; 
therefore, the trace elements Rb, Sr, Mo, Cu, and Pb were analyzed by 
atomic absorption. The trace element analyses by I.C.P. are regarded 
as semi-quantitative, i.e., the reported elemental concentrations may 
not be truly accurate, but trends and proportions should be real.
The geochemical results were statistically compared by computer 
analysis utilizing the statistical sub-programs Frequencies and Pearson 
Correlation from the Statistical Package for the Social Sciences by 
Nie^al. (1970). The statistical parameters of mean, standard deviation 
standard error, median, variance, range, minimum, and maximum for varying 
parameters in the entire Silver Star group of 26, Black Jack single popu­
lation group. Hemlock Ridge group, and Black Jack multiple population 
group are listed in Tables 11, 12, 13, and 14, respectively. Pearson 
correlation coefficients, together with their levels of significance for 
the cumulative group of 26, Black Jack single population group, and 
Hemlock Ridge group are listed in Tables 15, 16, and 17, respectively. 
These coefficients provide an indication of how the various chemical 
constituents of tourmaline vary with one another in each particular group
Geochemical analyses of tourmaline concentrates from the Silver Star 
area confirm that the tourmaline associated with the mineralized Black 
Jack breccia pipe is chemically distinct from tourmaline associated with 
the pyrite-bearing breccia pipes cropping out along Hemlock Ridge. The 
most striking differences are manifest in the median A1202, ^s^ot’
Fe202 concentrations. Alumina and ferric iron vary antipathetically— 















































o o O o O O O o o r*' o o O o O 00o o O 00 O o o m o o o o CN CNCO m o <J) CN o o o o o o o o 00
CN 00 iH 00 iH o o o o o o o VO CNm •H 00 o VO CO in iH rHr—1 <y» rH VO CNCN rH
O O o o o in o o O o o o o o 00o CN CN iH o o o o o o o o ro1^ o m o o O o o o o o VO
CN o o VO o o in o m o o o iHCN rH o m m r' VO
O O O O O m o o o O o O O O O Oo ro 00 CN CN o o o in o o o O (T» inVO CN CN CN ro o o o o o O o O <y\ rH
<T\ rH fO rH CN o VO o <j\ o O o O rH rHrH O) CN CN rH <T\ rH rH
rH o rH VO rHCN rH
in 00 ro VO ro rr o 00 o o o VO VOVO ro VO VO CN ro ro o rH CO OS min in in o CN O os <T» o 00 VO os rH VO
00 o o O O CN VO in o o CN in 00 Os00 rH os in in in
rr VO 00 o os VO CT»




o CNiH inr^CNOOiHS I—I <N CN
uH
»o4JCO
os ro O rH o o CN VO CN ro ro ro 00 rorH in O ro rH CN O m ro CN rHm rH o rH O ro O r- O o VO in VO• • • • • , '• • • • • • • • • • •
o o O o o o VO o o VO o o\ o oo ro
cn
a;w VO VO VO VO VO VO VO VO VO VO VO CN CN VO VO
<T3
r \
CN CN CN CN CN CN CN rH CN CN CN CN CN CN CN CN
n' 00 rH rH os VO 00 CN in 00 r- in 00 VO in in> VO CO O VO VO rH in 00 00 o VO ro m ro
0) ro CN ro in rH in r*^ CN o rH VO 00 rH CNQ rH OS CN in rH o\ 00 O rH 00 VO CN os rH
Ti CN CN o o o o rH ro O CO o ro CN ro




VO <N in ^ m o
o ^ Vi) in VO ro o
CN 00 ^ ^ m ^ o
o 00 00 in VD I—I 00
vo^cNi—ivoorriHvoovom^oocNvo

























































77e o o O O O o O o o r- o o O o o 00a o o O (N O o o in o o o o CN CNe O C3> ro cs O o o o o o o o 00
X VO r- rH r- rH 00 VO o o o o o VO CN03 CN i-H CN i-H VO iH 00 in iH rH2 r-i in iH VO CMrH iH
6 oooooCTioooinooooom3 OOCDini—I^OOOiHOOOOOfNE r^u-ir'iootHv£)oooooooor'<j\•H •c CN iH o VO O VO in o ro o o O rH CN•H CN 00 iH o rH in VO iH
s. r- in
o o O o O iH o O o CN o o o o O roO o CN a\ rH CN o O o o o o o CN o
Q) r- CN r-- o CN VO o O o o o o o o <j»O'c ro ro CN iH iH O O CJV o o o o C7^03 VO o VO rH <y\00 C\ VO rH
0) VO CN O VO o 00 iH o o VO in rou 00 ro VO 00 rH ro in ro ro o o in CN in 00 00c o rH in o iH o VO CN in o o 00 0003 ••iH rH O o o o •H o in in rH CN 1—1 r**
U CN VO cr» CN VO CN a\03 CN in CN CN 00 <T\> m iH H ro
VO rr
o m O O O H O O o 00 o o o o o CNC o CN CN CN ro H in o o H o o o o 00 Hin CN H O 00 CN o in O o o o o 00 in•H •m in CN H VO O VO o o VO o in ro VO03 CN H H in o ro in 00 H2 H CN VO CNH
u
u H VO ro CN CT» CN ro o CN ro H ro r*-w H CN CN CO o in H o o in H o oro ro CN o H o in o o o r- CTV CO ro 00
TJ
4J o o o o O o Tj* <T» r*» o o "sr CN CN o oW 00 CN
m(Ucn H H H H H H H H H H H 00 CO H H
ct3
U
H H H H H H H H H H H H H
Ov O in 00 r- in in 00 H in H 00 O'V H CN> H 00 CT» o ro 00 VO CN CN VO CN CN a\ VO r*-(U VO 00 r* 00 H CN H H <T\ O 00 ro oTJ O o CN ro H 00 in O 00 CN in H ro 00
TI H H o o o O ro in o r-* VO ro H CN4-> H CN m VO H o VO05 CN CN CN
00 in r* cr> VO ro CN m o O ro P'H CN in CN VO VO ro 00 in VO o O ro00 r-* (T\ H in H VO H H CN ro o O p^ p>C 00 00 o H 00 ro P' 00 O in VO in m p^ ro
d> in CN H VO O CN H CTv O H ro p' p“ ro p^2 CN H H in rH CN p^ 00 a\ HH H CN
O
(0 n n ro•hOO cm >cni OO
U (NJJOOOO 0)0 CNCN




































78f= O o o O o ro o O o m o O O O o inD O r- <r» in ro o O o o O O o o* CNfc ro VD o OJ o^ o O o o o O O o in l£>
X <N a\ 04 1—1 00 o o O o o O O o 00 (T.m ro iH OJ o 04 <T»
X iH <T\ o i-H 04OJ iH
e O o o o o GO O o o O' o o o O o 00D O OJ CN CN O o o o o o o O ro o*LO o VO o o o o o o o O VO
c 00 o* o o VO O o CN o <y\ o o o
1—1
•H OJ iH CN VO 1—1 VO
X VO VO rHiH
o O o o o m o o o 00 o o o O oQ) o O OJ ro 00 o o o ro o o o OCn 00 o* CT» ro VO CN o o o o o o o O f—1
CO ro OJ r—i o 1—4 o VO o OJ o rH o o O r*-VO f—1 00 CN rH 00 ro
OJ ro iH rH
CD rH 00 c\ o ro P“ o o o- CN o CN rHU 00 in 00 CN rH o ro m o o VO ro o rH O
c in in r- o in o o ro 00 o o VO ro o OV ro
(0 •
•H CN rH o o o o rH in CN o O' rH ro o CN CO
U o CN rH o a\ ro o rHCO 00 1—1 00 00 ro> VO 00 CN VO
O rH
ro
O o o m o <y» o o O ro O O O O in CN
c o CN VO CD o c O rH O O o o o inCO CN (J\ 00 O' o o in O in O O o cn 00
•iH •
O O' rH o VO o rH CN O ro in in in VO ro(U ro O' rH O' 1—1 CN CN O'
s CN <T» rH CN
CN
u
u CN o o rH VO CN cn 00 CN o row O CN 00 o* VO in o o VO in ro VO in CN00 VO o ro o rH cn VO o in cn ro VO 00 00■a •





ro O' a\ r- 00 CN cn CN 00 CN VO VO o in o> 00 O' ro 00 o cn rH ro ro O' 00 VO o VO O'(U o GO VO rH O ro 00 rH ro rH VO CN Ou VO CN 00 rH O' rH ro o CN O rH cn VO ro O' VO
T3 rH rH o o o O 00 in ro O O' <n CN 0^ rH ro4J CN in ro 00 rHW in rH
O in o O O O o o O in O o O o in o
O CN o O in O o VO o O o O o CN roC o cn VO <n o VO in rH O o O o o cnro ro VO 00 rH o in VO O' O in m o o O' ro<D •
o GO rH O O' o O VO O' in in VO inro rH O' 00 CN CN O'





O O CM >


















































79E o o O O O o O O O o o o o o o roa o o O rH <T\ o o O O ro o o o o VOe m ro O LT> O o o O O O o o o o o i-H




C >^<NrHO'£)OOOO^OrOOOOO>m•H CNiH OOiHn ni£)iHr~
2 r~ 'S' ^
o o o O o in o o o O o o O O ovQ) o o ID 00 in o o o fH O o o O CM 00
o ro ov VO o o o O O o o O O o
C3 CM VO rH o o o o o VO O o o o <J^« r*^ <T\ CM VO (Ti <3^
00 VO CM
<1) in CM in VO 00 VO o o in o ro o oo 00 VO 00 VO VO VO in o m o o ro CMc
«3
ro rr o o O o CM CM o in o r*' o 00
•iH o ro O O O O <T» 00 00 O <y» o r- O ^ iHu O rH ro in in rHfO CM VO CM ro o> 00 in fH rH
VO ro
o o ro m m CM o O O O ro o O inC m in r- i-H CM ov o O O iH o ro o O ro in(T3 in CM <T» VO o O o O in ro o in C7V
TD in CM O VO o rH rr m O I-H 00 o CM ind) CM rH O ro in VO CM Oi rH2 rH CM VO CM
rH
u
u O o o CM CM CM rH VO rH o rH rH VO r-H CM 00 CM VO 00 in o O VO o rH O VO 00CM in CM o o O in rH VO O o 00 VO oTD
4J O o o o o O O CM o a\ in O O rH05 rH 00 in ro rH
m




rH rH rH rH rH rH rH rH rH rH rH rH rH
VO VO rH rH o VO VO in <Ti r**> VO ro VO ro ON in rH in ro 000) a\ ro ov rH in ro in VO CM o ro ro o o rou VO 00 VO CM CM rH 00 CM o O rH rH rH
'O O IH O O O O ■H O 00 CM CM CM ro
4J
U5
rH CM VO 00
CM rH
CM orH ro
o O o O o ro o ro o n- o o VO oo o rH CM ro VO o ro o o o in VO <T\ roc in o o 00 ro o o ro o rH o o in VOIT3O
X
VO rH cn CM ro in c VO o m VO in
in CM o VO o in o r*' o n- in VO CM VOCM rH o VO VO CM o rHrH CM VO CM rH
rH
0) o(UrH faXJfO ro 4J n n•iH O o CM > cs O OU CM ■wo o o o (U o CS (N03 rH (U (U nj u D
rH U O Q) (U> < fa fa U X E-i CO u fa
^ > U u z fa fa
80
deficient (6.095%) compared to the Black Jack single population tourma­
lines (25.2% Al^O^ and 13.88% Fe202). Additionally, the Black Jack 
single population group appears enriched in Mn02 and CaO relative to the 
Hemlock Ridge group, but there is considerable overlap in the range of 
values. In trace element compositions, the Black Jack single population 
samples are enriched in Cu (54 vs. 14 ppm) and Sr (116.25 vs. 71 ppm) 
relative to the Hemlock Ridge tourmalines. The Black Jack single popu­
lation group also appears slightly higher in Co and Ni and lower in V and 
Cr, although individual values vary widely. The Black Jack multiple 
population group falls between the two end-member groups in concentrations 
of AI2O2, Black Ledge
sample (Bl-1,129) is of intermediate composition with respect to Al202> 
Fe^Q^, Fe202, and MnO and has a relatively high copper content (62 ppm). 
The significance of the inter-element relationships will be examined in 
the latter part of the discussion section of this study.
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DISCUSSION AND CONCLUSIONS 
Whole Rock Analyses
Major element, whole-rock chemical analyses of country rock in the 
immediate vicinity of the Black Jack breccia pipe, including the intru­
sive at the base of the pipe, confirm that the country rock is grano- 
diorite in composition. This conflicts with company drill logs and 
petrographic reports which describe a quartz monzonite body intruding 
a mixed assemblage of granodiorite, granodiorite porphyry, quartz diorite, 
quartz diorite porphyry, and andesite. The simpler case of the Black Jack 
breccia pipe associated with a late granodiorite porphyry and emplaced in 
an earlier granodiorite phase is substantiated. However, the megascopic 
differences seen in the drill core and in thin section are also real, and 
textural differences can be striking. This author speculates that these 
differences may be attributable to the cooling of a shallow pluton con­
taining locally variable amounts of water, thereby influencing mineral 
stabilities and grain size.
Whole rock geochemical results show that the trend of Silver Star 
magmatic activity, in terms of silica versus a1umina/(K20 + Na^O + CaO) 
ratios (Feiss, 1978) is toward geochemical conditions favorable to por­
phyry copper-type mineralization. Figure 9 suggests that copper present 
in the magma during the early diorite, quartz diorite, and quartz 
diorite porphyry phases would preferentially enter the silicate minerals, 
whereas the later granodiorite and granodiorite porphyry phases would be 
conducive to porphyry copper-type mineralization, provided of course that 
sufficient copper was present in the magmas. In fact, porphyry copper-
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type mineralization is seen in some drill core samples from the late 
phases (Fig. 9), including the lone sample from the base of the breccia 
pipe (sample 10, Fig. 9).
The whole-rock geochemistry of the country rock surrounding the 
Black Jack breccia pipe, and the preponderance of chalcopyrite in the 
Black Jack breccia pipe compared to pyrite over chalcopyrite in the 
Hemlock Ridge breccias suggests a two-fold origin of copper in the Silver 
Star system. First, copper was derived from the destruction of early 
magmatic copper-bearing silicate minerals by later hydrothermal solutions 
in the Hemlock Ridge area; second, major amounts of magmatic copper 
derived from the granodiorite porphyry was partitioned and concentrated 
into an aqueous phase and subsequently mineralized the Black Jack breccia 
pipe.
Tourmaline Analyses
Schorl, the common black variety of tourmaline, both in pyrite-bearing
breccia pipes along Hemlock Ridge and in the chalcopyrite-bearing Black
Jack breccia pipe, appears identical in hand specimen. However, the
three independent analytical techniques (optical, x-ray, geochemical)
employed in this study conclusively prove that tourmaline from the Black
Jack breccia pipe is distinctly different from tourmaline from Hemlock
Ridge. The Black Jack tourmalines have higher average refractive indices
(e = 1.647, 0) = 1.674) than the Hemlock Ridge tourmalines (e = 1.631,
(jj = 1.658). The former tourmalines also have a greater average a^ unit
cell dimension than the latter. The Black Jack tourmalines are enriched 
+3 +2
in Fe , Fe , Mn, Ca, Cu, and Sr, and probably higher in Co and Ni and
lower in V and Cr than the Hemlock Ridge tourmalines. The most pronounced
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+3difference is that the Black Jack tourmalines are enriched in Fe in
the Y crystallographic site, whereas the Hemlock Ridge tourmalines are 
+3enriched in A1 . Although the Black Jack tourmalines are related in
time and space to a copper-rich fluid, the copper content increases by 
less than an order of magnitude. This apparent anomaly is explained 
in terms of crystal field theory.
According to Curtis (1963), "Goldschmidt (1937)...realized that the 
behavior of elements was governed not so much by their position in the 
periodic table, but more by their respective ionic radii. The modifica­
tion, due to Ringwood, of Goldschmidt's rules dealing with the distribu­
tion of trace elements in minerals is difficult to apply to the transition 
elem.ents. This is because the ionic radii and electronegativity effects, 
as described by Ringwood, trend in opposite directions." For the transi­
tion elements, Curtis (1963) predicts the preferred order in which 
transition elements will be incorporated into rock-forming minerals based 
on crystal field stabilization energies, which is related to the pairing 
of electrons in the d-orbital shell. According to Curtis (1963), the 
stability order is:
Dipositive ions in octahedral coordination 
Ni^"^ (29.3) Co^"^ (17.1) Fe^'^ (0) Cu^"^ (-ve)
Tripositive ions in octahedral coordination
Cr^"^ (60.0) (41.0) Ti^’^ (23.1) Fe^"^ (0) Mn^"^ (-ve)
Tripositive ions in tetrahedral coordination 
(28.7) Fe^"^ (0).
Thus, the negative value attributed to copper puts it at a strong dis­
advantage in competing with the other transition elements for a regular 
lattice site in rock-forming minerals.
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Crerar and Barnes (1976) have shown that the solubilities of iron 
and copper as chloride complexes behave sympathetically under temperature 
and pH conditions in the hydrothermal range. The reason, therefore, 
that only a minor increase in the copper content of tourmaline from the 
Black Jack single population group is observed in relation to the Hemlock 
Ridge group, whereas a major increase in iron content is observed, is 
two-fold: (1) "In rock-forming minerals, Fe and Fe are the only
transition elements to occur as major oxide components" (Curtis, 1963);
(2) The other transition elements, including iron, have a competitive
advantage over the Cu ion for incorporation into available silicate
lattice sites (Curtis, 1963).
Therefore, with respect to tourmaline as an exploration tool for 
copper in the Silver Star area, the change in hydrothermal fluid compo­
sitions from copper poor to copper rich with time is better reflected 
indirectly by the increased iron content of the Black Jack tourmalines^
Zoned tourmalines from the Black Jack breccia pipe have inner zones 
which are optically very similar to the Hemlock Ridge variety and outer 
zones similar to the Black Jack non-zoned variety. Furthermore, the 
zoned crystals are of intermediate composition with respect to the assumed 
end members. Thus, the Hemlock Ridge tourmalinization event probably 
preceded the Black Jack tourmalinization event. My modification of 
Schriener's (1978) map (Appendix I) shows the Black Jack breccia pipe 
spatially associated with the granodiorite porphyry phase of Silver Star 
magmatic activity, whereas the Hemlock Ridge breccias have unknown roots. 
The current author suggests that the Hemlock Ridge breccias may be related 
to the earlier quartz diorite porphyry phase.
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Table 18 shows how copper behaves in relation to the other elements 
that combine to form tourmaline and how the affinities of some of these 
elements for the tourmaline structure behave as a function of elevation. 
Table 18 is a summary of the most significant ^earson correlation 
coefficients from Tables 15, 16, and 17. It shows that copper exhibits 
a strong sympathetic behavior with Ca, Sr, Fe, Co, and Ni, and a strong 
antipathetic behavior with V and Cr.
The significant Pearson correlation coefficients relating elevation 
to the crystal chemistry of tourmaline (Table 18) shows strong positive 
correlations of elevation with Al^O^, Cr, and MgO, and strong negative 
correlations with Fe^^^, Fe202, and MnO^ for the entire group of 26 
analyzed tourmalines, and strong positive correlations with AI2O2 and 
Sr and strong negative correlations with Mn02, CeO, and V within the 
Black Jack single population group. Due to the small number of Black 
Jack single population sample analyses, a statistically meaningful model 
showing possible zoning of trace elements within the Black Jack breccia 
pipe could not be constructed. However, given sufficient financial 
resources and a sufficient data base, the approach undertaken in this 
study is theoretically viable and may be extremely practical when applied 
to exploration of precious metals.
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TABLE 15. Pearson correlation coefficients, N, significance of correlations 
of inter-element relationships and element-elevation relationships 
for the group of 26 tourmalines from the Silver Star area. (N = 
number of cases considered; Sig = significance of correlations - 
0.05 means correlation is significant to the 95% confidence limit; 




A1203 -0.7870 A1203 -0.2060 A1203 -0.3533
with N( 26) wi th N( 26) with N( 26)
FeTot Sig .001 FeO Sig .156 CaO Sig .038
A1203 0.3214 A1203 -0.0691 A1203 -0.5559
with N( 26) wi th N( 26) wi th N( 26)
MgO Sig .055 Ti02 Sig .369 Sr Sig .002
A1203 -0.2935 A1203 0.6982 A1203 -0.0646
with N( 17) wi th N( 26) wi th N( 26)
CO Sig .126 Elev Sig .001 Mn02 Sig .377
A1203 0.2604 A1203 0.4746 A1203 -0.1087
with N( 26) with N( 26) wi th N( 22)
V Sig .099 Cr Sig .007 CO Sig .315
A1203 -0.1457 A1203 -0.7316 A1203 -0.1728
wi th N( 22) wi th N( 26) wi th N( 26)
Ni Sig .259 Fe203 Sig .001 Ratio Sig .199
FeTot 0.1018 FeTot 0.1999 FeTot -0.3379
wi th N( 26) with N( 26) with N{ 26)
FeO Sig .310 CaO Sig .164 MgO Sig .046
FeTot -0.1613 FeTot 0.5864 FeTot 0.4583
with N( 26) with N( 26) with N( 17)
Ti02 Sig .216 Sr Sig .001 Cu Sig .032
FeTot -0.6950 FeTot 0.0811 FeTot -0.3704
with N( 26) with N( 26) wi th N( 26)
Elev Sig .001 Mn02 Sig .347 V Sig .031
FeTot -0.6826 FeTot 0.0783 FeTot 0.1101
with N( 26) wi th N( 22) wi th N( 22)
Cr Sig .001 CO Sig .365 Ni Sig .313
FeTot 0.9691 FeTot 0.3308 FeO 0.4323
wi th N( 26) wi th N( 26) wi th N( 26)





with N( 26) with
MgO Sig .146 Ti02
FeO 0.4228 FeO
with N{ 17) wi th
Cu Sig .045 Elev
FeO -0.4340 FeO
with N( 26) with
V Sig .013 Cr
FeO -0.2352 FeO
with N{ 22) with
Ni Sig .146 Fe203
CaO 0.1497 CaO
with N( 26) with
MgO Sig .233 Ti02
CaO 0.6022 CaO
with N( 17) with
Cu Sig .005 Elev
CaO -0.0244 CaO
wi th N( 26) with
V Sig .453 Cr
CaO 0.0150 CaO
with N( 22) with
Ni Sig .474 Fe203
MgO 0.3159 MgO
wi th N( 26) wi th
Ti02 Sig .058 Sr
MgO 0.3180 MgO
wi th N( 26) wi th
Elev Sig .057 MnO
MgO 0.4925 MgO
wi th N( 26) with
Cr Sig .005 CO
MgO -0.2826 MgO
wi th N( 26) with
Fe203 Sig .081 Ratio
Variable
Pair
-0. 2336 FeO 0. 1134
N( 26) with N( 26)
Sig .125 Sr Sig .291
-0. 1578 FeO 0. 4717
N( 26) with N( 26)
Sig .221 Mn02 Sig .007
-0. 2482 FeO -0. 1409
N( 26) with N( 22)
Sig .111 CO Sig .266
-0. 1467 FeO -0. 8479
N( 26) with N( 26)
Sig .237 Ratio Sig .001
0. 1021 CaO 0. 5131
N( 26) with N( 26)
Sig .310 Sr Sig .004
-0. 2263 CaO 0. 4620
N( 26) with N( 26)
Sig. 133 Mn02 Sig .009
-0. 1568 CaO -0. 0187
N( 26) with N{ 22)
Sig .222 CO Sig .467
0. 0916 Cad -0.,1801
N( 26) with N( 26)
Sit .328 Ratio Sig .189
0. 0798 MgO 0.,0437
N{ 26) with N( 17)
Sig .349 Cu Sig .434
-0. 2660 MgO 0.,6165
N{ 26) with N( 26)
Sig .095 V Sig .001
-0. 0797 MgO 0.,1230
N( 22) with N( 22)
Sig .362 Ni Sig .293
0.,1281 Ti02 -0,,0156
N( 26) with N{ 26)






with N( 17) wi th
Cu Sig .349 Elev
Ti02 0.4736 Ti02
with N( 26) with
V Sig .007 Cr
Ti02 0.2304 Ti02
with N( 22) wi th
Ni Sig .151 Fe203
Sr 0.5695 Sr
with N( 17) with
Cu Sig .009 Elev
Sr -0.3068 Sr
with N( 26) with
V Sig .064 Cr
Sr 0.2536 Sr
with N( 22) with
Ni Sig .127 Fe203
Cu -0.2808 Cu
with N( 17) with
Elev Sig .138 Mn02
Cu -0.1538 Cu
with N( 17) with
Cr Sig .278 CO
Cu 0.3457 Cu
with N( 17) with
Fe203 Sig .087 Ratio
Elev 0.1316 Elev
with N( 26) with
V Sig .261 Cr
Elev -0.0279 Elev
with N( 22) with
Ni Sig .451 Fe203
Mn02 -0.0550 Mn02
with N( 26) with
V Sig .395 Cr
Variable
Pair
0. 0185 Ti02 -0. 2750
N( 26) with N{ 26)
Sig .464 Mn02 Sig .087
0. 4995 Ti02 0. 1238
N( 26) with N( 22)
Sig .005 CO Sig .291
-0. 1025 Ti02 0. 1602
N( 26) with N( 26)
Sig .309 Ratio Sig .217
-0. 1631 Sr -0. 0572
N( 26) with N( 26)
Sig .213 Mn02 Sig .391
-0. 3789 Sr 0. 1216
N( 26) with N( 22)
Sig .028 CO Sig .295
0. 5549 ' Sr 0. 1813
N( 26) with N( 26)
Sig .002 Ratio Sig .188
0.,0630 Cu -0.,5051
N( 17) with N( 17)
Sig .405 V Sig .019
0,,4151 Cu 0.,4150
N( 15) with N( 15)
Sig .062 Ni Sig .062
-0,.2205 Elev -0,.3228
N( 17) with N( 26)
Sig .198 Mn02 Sig .054
0 .4834 Elev -0 .0796
N( 26) with N{ 22)
Sig .006 CO Sig .362
-0 .6519 Elev -0 .2354
N( 26) with N( 26)
Sig .001 Ratio Sig .124
-0 .5041 Mn02 -0 .0987
N( 26) with N( 22)




Mn02 -0. 3218 Mn02
with N( 22) with
Ni Sig .072 Fe203
V 0. 3617 V
with N( 26) with
Cr Sig .035 CO
V -0. 2607 V
with N( 26) with
Fe203 Sig .099 Ratio
Cr 0.,1214 Cr
with N( 22) with
Ni Sig .295 Fe203
CO 0. 6329 CO
with N( 22) with
Ni Sig .001 Fe203
Ni 0. 1757 Ni
wtih N( 22) with
Fe203 Sig .217 Ratio
Variable
Pair
-0. 0363 Mn02 -0. 2432
N( 26) with N{ 26)
Sig .430 Ratio Sig .116
-0. 2866 V -0. 0008
N( 22) wtih N( 22)
Sig .098 Ni Sig .499
0. 2885 Cr 0. 1403
N( 26) with N( 22)
Sig .076 CO Sig .267
-0. 6172 Cr -0. 0997
N( 26) with N( 26)
Sig .001 Ratio Sig .314
0. 1176 CO 0.,2595
N( 22) with N( 22)
Sig .301 Ratio Sig .122
0. 3542 Fe203 0.,5391
N( 22) wi th N( 26)
Sig .053 Ratio Sig .002
A value of 99.0000 is printed if a coefficient cannot be computed
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TABLE 16. Pearson correlation coefficients, N, significance of correlations 
of inter-element relationships and element-elevation relationships 
for the Black Jack single population group of tourmalines. (N = 
number of cases considered; Sig = significance of correlations - 
0.05 means correlation is significant to the 95% confidence limit; 




A1203 0.3683 A1203 -0.4382 A1203 -0.2427
wi th N( 11) wi th N( 11) wi th N( 11)
FeTot Sig .133 FeO Sig .089 CaO Sig .236
A1203 -0.1242 A1203 0.0863 A1203 0.6380
wi th N( 11) with N( 11) wi th N( 11)
MgO Sig .358 TiOl Sig .400 Sr Sig .017
A1203 0.4680 A1203 0.6873 A1203 -0.3507
with N( 7) with N( 11) wi th N( 11)
Cu Sig .145 Elev Sig .010 Mn02 Sig .145
A1203 -0.3116 A1203 -0.1605 A1203 0.3170
with N( 11) with N( 11) with N( 8)
V Sig .175 Cr Sig .319 CO Sig .222
A1203 0.3874 A1203 0.5389 A1203 0.4279
with N( 8) with N( 11) wi th N( 11)
Ni Sig .172 Fe203 Sig .044 Ratio Sig .095
FeTot -0.0583 FeTot -0.0296 FeTot -0.2676
with N( 11) with N( 11) with N( 11)
FeO Sig .432 CaO Sig .466 MgO Sig .213
FeTot -0.3632 FeTot 0.2189 FeTot 0.5283
with N( 11) with N( 11) with N( 11)
Ti02 Sig .136 Sr Sig .259 Cu Sig .111
FeTot 0.1084 FeTot 0.0400 FeTot -0.4342
with N( 11) with N( 11) with N( 11)
Elev Sig .375 Mn02 Sig .454 V Sig .091
FeTot -0.4321 FeTot 0.1191 FeTot 0.0923
with N( 11) with N( 8) with N( 8)
Cr Sig .092 CO Sig .389 Ni Sig .414
FeTot 0.8290 FeTot 0.3047 FeO 0.7232
with N( 11) with N( 11) with N( 11)





























































wi th N( 11)
Cr Sig .197
CaO -0.4287












































wi th N( 11)
V Sig .009
MgO 0.0972
wi th N( 8)
Ni Sig .409
Ti02 -0.2976







wi th N( 7) with
Cu Sig .113 Elev
Ti02 0.8886 Ti02
with N( 11) with
V Sig .001 Cr
Ti02 0.1984 Ti02
with N( 8) with
Ni Sig .319 Fe203
Sr 0.8812 Sr
with N( 7) with
Cu Sig .004 Elev
Sr -0.6253 Sr
with N( 11) with
V Sig .020 Cr
Sr 0.2717 Sr
with N( 8) with
Ni Sig .258 Fe203
Cu 0.3591 Cu
wi th N( 7) with
Elev Sig .214 Mn02
Cu -0.7238 Cu
wi th N( 7) wi th
Cr Sig .033 CO
Cu 0.1283 Cu
with N( 7) with
Fe203 Sig .392 Ratio
Elev -0.4267 Elev
with N( 11) wi th
V Sig .095 Cr
Elev 0.3070 Elev
with N( 8) with
Ni Sig .230 Fe203
MnO -0.2601 Mn02
wi th N( 11) wi th
V Sig .220 Cr
Variable
Pair
-0. 1511 Ti02 -0. 3696
N( 11) with N( 11)
Sig .329 Mn02 Sig .132
0. 8274 Ti02 -0. 1766
N( 11) with N( 8)
Sig .001 CO Sig .338
-0. 0005 Ti02 0. 4962
N( 11) with N( 11)
Sig .499 Ratio Sig .060
0. 4607 Sr 0. 2024
N( 11) wi th N( 11)
Sig .077 Mn02 Sig .275
-0. 4564 Sr 0. 5659
N( 11) with N( 11)
Sig .079 CO Sig .072
0. 0432 Sr -0. 0623
N( 11) with N( 11)
Sig .450 Ratio Sig .428
0. 3862 Cu -0. 7364
N( 7) with N( 7)
Sig .196 V Sig .030
0. 7401 Cu 0. 3305
N( 5) with N( 5)
Sig .076 Ni Sig .294
-0. 2424 Elev -0.,6386
N( 7) with N( 11)
Sig .300 Mn02 Sig .017
-0.,1170 Elev 0.,4201
N( 11) with N( 8)
Sig .366 CO Sig .150
0.,2969 Elev 0.,2034
N( 11) with N( 11)
Sig .188 Ratio Sig .274
-0..5188 Mn02 -0.,0703
N( 11) with N{ 8)






wi th N( 8) with
Ni Sig .204 Fe203
V 0.8419 V
wi th N( 11) with
Cr Sig .001 CO
V -0.1631 V
with N( 11) with
Fe203 Sig 3.16 Ratio
Cr 0.2418 Cr
wi th N( 8) with
Ni Sig .282 Fe203
CO 0.7180 CO
with N( 8) wi th
Ni Sig .022 Fe203
Ni 0.536,0 Ni
with N( 8) with




N( 11) with N( 11)
Sig .121 Ratio Sig .073
-0.4096 V 0.0124
N( 8) wi th N( 8)
Sig .157 Ni Sig .488
0.2596 CR -0.0993
N( 11) wi th N( 8)
Sig .220 CO Sig .408
-0.1359 Cr 0.2198
N( 11) with N( 11)
Sig .345 Ratio Sig .258
0.1871 CO 0.3299
N( 8) wi th N( 8)
Sig .329 Ratio Sig .212
0.7599 Fe203 0.7334
N( 8) with N( 11)
Sig .014 Ratio Sig .005
A value of 99.0000 is printed if a coefficient cannot be computed.
TABLE 17. Pearson correlation coefficients, N, significance of correlation 
of inter-element relationships and element-elevation relationships 
for the Hemlock Ridge group of tourmalines, (N = number of cases 
considered; Sig. = significance or correlations—0.05 means corre­
lation is significant to the 95% confidence limit; negative values 




A1203 -0.7315 A1203 0.8367 A1203 -0.7075
with N( 4) wi th N( 4) wi th N( 4)
FeTot Sig .134 FeO Sig .082 CaO Sig .146
A1203 -0.3105 A1203 -0.5214 A1203 -.9842
with N( 4) with N( 4) wi th (N 4)
MgO Sig .345 Ti02 Sig .239 Sr Sig .008
A1203 -0.9478 A1203 -0.7235 A1203 0.8130
with N( 3) with N( 4) wi th N{ 4)
CO Sig .103 Elev Sig .138 Mn02 Sig .094
A1203 -0.0453 A1203 -0.5149 A1203 -0.5716
wi th N( 4) with N( 4) with N( 4)
V Sig .477 Cr Sig .243 CO Sig .214
A1203 -0.8615 A1203 -0.9683 A1203 -0.7969
with N( 4) with N( 4) with N( 4)
Ni Sig .069 Fe203 Sig .016 Ratio Sig .102
FeTot -0.2601 FeTot 0.6226 FeTot -0.2602
with N( 4) with N( 4) with N( 4)
FeO Sig .370 CaO Sig .189 MgO Sig .370
FeTot 0.1319 FeTot 0.7687 FeTot 0.9794
wi th N( 4) with N( 4) with N( 3)
Ti02 Sig .434 Sr Sig .146 Cu Sig .065
FeTot 0.2413 FeTot -0.5870 FeTot -0.6070
wi th N( 4) with N( 4) wi th N( 4)
Elev Sig .379 Mn02 Sig .207 V Sig .196
FeTot 0.4497 FeTot 0.4817 FeTot 0.2938
with N( 4) with N( 4) with N( 4)
Cr Sig .275 CO Sig .259 Ni Sig .353
FeTot 0.8660 FeTot 0.1921 FeO -0.3862
with N( 4) wi th N( 4) with N( 4)
Fe203 Sig .067 Ratio Sig .404 CaO Sig .307
FeO -0.7435 FeO -0.7663 FeO -0.7998
with N( 4) with N( 4) with N( 4)






with N( 3) with
Cu Sig .280 Elev
FeO -0.4602 FeO
with N( 4) with
V Sig .270 Cr
FeO -0.9537 FeO
wi th N( 4) with
Ni Sig .023 Fe203
CaO -0.3223 CaO
with N( 4) with
MgO Sig .339 Ti02
CaO 0.9064 CaO
with N( 3) with
Cu Sig .139 Elev
CaO 0.1227 CaO
with N( 4) with
V Sig .439 Cr
CaO 0.6159 CaO
with N( 4) with
Ni Sig .192 Fe203
MgO 0.9064 MgO
with N( 4) wi th
Ti02 Sig .047 Sr
MgO 0.1845 MgO
wi th N( 4) with
Elev Sig .408 Mn02
MgO 0.6161 MgO
with N( 4) wi th
Cr Sig .192 CO
MgO 0.1948 MgO
with N( 4) with
Fe203 Sig .403 Ratio
Ti02 0.2742 Ti02
wi th N( 3) with
Cu Sig .412 Elev
Variable
Pair
-0. 7233 FeO 0. 7926
N( 4) with N( 4)
Sig .138 Mn02 Sig .104
-0. 5311 FeO -0. 5794
N( 4) with N( 4)
Sig .234 CO Sig .210
-0. 7082 FeO -0. 9976
N( 4) with N( 4)
Sig .146 Ratio Sig .001
-0. 2190 CaO 0. 8153
N{ 4) with N( 4)
Sig .390 Sr Sig .092
0. 8235 CaO -0. 1721
N( 4) with N( 4)
Sig .088 Mn02 Sig .414
-0. 2058 CaO -0.,1434
N( 4) with N( 4)
Sig .397 CO Sig .428
0.,6553 CaO 0.,3444
N( 4) wi th N( 4)
Sig .172 Ratio Sig .328
0..2071 MgO -0,,0258
N( 4) with N( 4)
Sig .396 Cu Sig .492
-0,.6253 MgO 0 .4717
N( 4) wi th N( 4)
Sig .187 V Sig .264
0 .6216 MgO 0 .5455
N( 4) with N( 4)
Sig .189 Ni Sig .227
0 .7765 Ti02 0 .3835
N( 4) with N( 4)
Sig .112 Sr Sig .308
0 .1108 Ti02 -0 .8768
N( 4) wi th N( 4)






with N( 4) with
V Sig .448 Cr
Ti02 0.5378 Ti02
with N( 4) with
Ni Sig .231 Fe203
Sr 0.9796 Sr
wi th N( 3) with
Cu Sig .064 Elev
Sr 0.1203 Sr
with N( 4) wi th
V Sig .440 Cr
Sr 0.8772 Sr
with N( 4) with
Ni Sig .061 Fe203
Cu 0.9890 Cu
wi th N( 3) with
Elev Sig .147 Mn02
Cu 0.5000 Cu
with N( 3) with
Cr Sig .333 CO
Cu 0.9727 Cu
with N( 3) with
Fe203 Sig .075 Ratio
Elev 0.6156 Elev
with N( 4) with
Fe203 Sig .075 Ratio
Elev 0.8969 Elev
wi th N( 4) wi th
Ni Sig .052 Fe203
Mn02 0.1511 Mn02
wi th N( . 4) wi th
V Sig .424 Cr
Mn02 -0.6365 MnO
with N( 4) wi th
Ni Sig .182 Fe203
Variable
Pair
0. 8849 Ti02 0. 8924
N( 4) with N( 4)
Sig .058 CO Sig .054
0. 4934 Ti02 0. 7720
N( 4) with N( 4)
Sig .253 Ratio Sig .114
0. 8153 Sr 0. 6978
N( 4) with N( 4)
Sig .092 Mn02 Sig .151
0. 3551 Sr 0. 4175
N( 4) with N( 4)
Sig .322 CO Sig .291
0. 9325 Sr 0. 7604
N( 4) with N( 4)
Sig .034 Ratio Sig .120
-0. 7067 Cu -0.,5550
N( 3) with N( 3)
Sig .250 V Sig .313
0. 5454 Cu 0.,8030
N( 3) with N( 3)
Sig .316 Ni Sig .203
0. 5826 Elev -0.,2750
N( 3) with N( 4)
Sig .302 Mn02 Sig .362
-0.,1373 Elev -0,.0709
N( 4) wi th N( 4)
Sig .302 Mn02 Sig .362
+ 0..5512 Elev + 0,.7148
N( 4) with N( 4)
Sig .224 Ratio Sig .143
-0.,9125 Mn02 -0,.9383
N( 4) with N( 4)
Sig .044 CO Sig .031
-0,.8398 Mn02 -0,.7651
N( 4) with N( 4)










































wi th N( 4)
CO Sig .001
Cr 0. 5107
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The significant results of this study are:
(1) The country rocks in the immediate vicinity of the Black Jack
breccia pipe are granodiorite in composition.
(2) The Black Jack breccia pipe is associated with the granodiorite
porphyry phase of Silver Star magmatic activity, whereas the Hemlock 
Ridge breccias are probably associated with the earlier quartz diorite 
porphyry phase.
(3) The silica versus alumina/(K20 + Na^O + CaO) ratios suggest
that the granodiorites would be conducive to porphyry copper mineraliza­
tion provided sufficient copper was in the system at the time of their 
crystallization.
(4) Two distinct populations of tourmaline are recognized in the
Silver Star area—the high alumina Hem.lock Ridge variety and the high iron 
Black Jack variety.
(5) The Hemlock Ridge variety largely preceded most pyrite deposi­
tion.
(6) The Black Jack Variety of tourmaline largely followed deposi­
tion of pyrite and largely preceded deposition of chalcopyrite, but was 
in part coeval with both pyrite and chalcopyrite.
(7) The Black Jack variety of tourmaline was not detected in the
Hemlock Ridge area at the altitudes sampled, suggesting that the plumbing 
system became closed (probably cemented with quartz) prior to the second 
tourmalinization event, and thus prior to the Black Jack phase of primary 
chalcopyrite mineralization.
(8) The Black Jack variety of tourmaline was detected in the Black
Ledge breccia pipe, suggesting that the plumbing system may have been
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(9) The ability to recognize the two major varieties of tourmaline
in the Silver Star area is another viable exploration tool for the search 
for copper in this area.
(10) A larger data base is needed to conclusively determine if
tourmaline composition would be a viable tool in helping delineate metal 
ore zonations.




The Silver Star area of southwestern Washington holds high potential 
for discovery of discrete ore bodies such as the Black Jack breccia pipe. 
Additionally, the whole-rock geochemistry in the vicinity of the Black 
Jack breccia pipe indicates that the granodiorite and granodiorite por­
phyry phases of the Silver Star Plutonic Complex are conducive to the 
formation of a porphyry copper system.
This research study reveals a number of interesting exploration 
possibilities that should be considered in further exploration plans 
for the Silver Star area:
(1) There is a favorable possibility that a porphyry copper deposit
could exist at depth. No statement can be made regarding possible grade 
or size.
(2) Finding primary copper mineralization (associated with Black
Jack hydrothermal activity) concentrated in breccia pipes at shallow 
depths along Hemlock Ridge is unlikely. However, the northeasterly 
structural trend of breccia pipes along the ridge strongly suggests a 
zone of weakness, and the possibility of discovering a rich copper zone 
concentrated along the strike of the ridge at altitudes comparable to 
the Black Jack breccia pipe cannot be precluded.
(3) The Black Ledge breccia pipe promises to be a discrete ore body.
(4) The accommodating nature of the tourmaline structure makes
tourmaline analysis a valuable exploration tool for metals.
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